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SUM M ARY
This thesis reports the developm ent o f  tw o rapid thermal annealing systems, one  
based on resistive heating o f  graphite strips, the second on heating from  incoherent 
lam p radiation. Electrical activation studies o f  silicon im planted gallium  arsenide  
has been used to com pare the systems w ith those availab le  com m ercially. It has 
been show n  that com m ercial systems can yield temperature measurement errors in 
excess o f  50° C .
Furthermore, the systems have been used to investigate the electrical activation o f  
silicon implants co-im planted w ith other ions into gallium  arsenide, w ith a v ie w  to 
either, im proving the activation o f  the silicon for high doses, or m od ify ing  the 
carrier p ro file  shape fo r lo w  doses.
A  factor o f  tw o im provem ent in the electrical activation o f  high dose silicon  
implants has been achieved by  the co-im plantation o f  phosphorus, w ith a reduction  
in the annealing temperature required to achieve a g iven  activity also being  
observed. A n  alternative processing m ethodology is also proposed for through- 
nitride implantation.
Phosphorus implants have also been used to "pre-am orphise" substrates to prevent 
ion channelling. P rov id ing  the dam age is maintained b e lo w  a certain level, 
improvements in profile  shape can be  obtained.
Other com pensation techniques using boron and carbon implants have also been  
investigated.
B oron  has been demonstrated to provide im proved carrier activation for low  
implant doses, w ith  therm ally stable profile  m odification capability as the dose is 
increased.
The electrical activation o f  single  carbon implants (4 0 %  m axim um ) is b e lo w  the 
level o f  com pensation o f  silicon implants (approxim ately 9 0 % ) co-im planted with  
carbon. Th is in turn m eans carbon is excellent fo r profile  m odification as no p-type  
layer is created beyond the donor implant.
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CHAPTER 1 
INTRODUCTION
This thesis explores the use of co-implantation of more than one implant species to 
achieve both improvements in activation of dopants in gallium arsenide, and the 
optimisation of carrier profile shapes for possible device applications.
One of the major advantages of gallium arsenide is the ability to grow substrates in 
semi-insulating form. As the technology behind the crystal growth has improved in recent 
years, substrate resistances have not only become higher, they have also become more 
uniform across wafers with better reproducibility along the boule. Problems associated 
with device processing that were not apparent using the poor quality substrates previously 
grown, have recently begun to adversely affect device performance. This in turn has led 
to the investigation of methods of control of device parameters, for example, the 
threshold voltage (V J  in field effect transistors (FET’s). Further to this, as the process 
technology used for GaAs has improved, allowing for smaller geometry devices with 
higher packing densities to be fabricated, greater requirements are being placed on the 
material properties, such as, high doping concentrations for low resistivity contacts. 
Ignoring these immediate uses of doping control, future devices may rely upon doping 
concentrations and/or profile shapes that are not currently producible by conventional 
implantation technology. For this reason, the work contained in this thesis is not aimed 
solely at any one device technology, more to serve as an example of technique 
capabilities with only brief references to current device technology.
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In this chapter, a brief outline of the material requirements for metal semiconductor field 
effect transistor’s (MESFET’s) will be given, with results obtained and difficulties 
encountered to date highlighted (section 1.1). As the aim of this work is to improve 
implant dopant profile control and activation efficiency, possible techniques that can be 
used to this end will also be discussed. These include, dopant profile control by 
pre-amorphisation (section 1 .2.1) and donor compensation by co-implantation (section
1.2.2), with, techniques for high carrier concentration doping being reviewed in section 
1.3. As a major portion of this thesis is dedicated to the development o f two rapid thermal 
annealing systems, a review of this technique is given in section 1.4. Finally, the project 
aims are again highlighted in section 1.5.
1.1 Optimised Doping Profiles For Device Use
The doping concentration profiles used in the fabrication of a particular device, along 
with the device geometry, determine the ultimate device performance. For this reason, 
if the device design engineer can be allowed a further degree of freedom, such as 
better implant profile control, higher performance devices can be realisable. The 
general atomic doping profile shape obtained from an implanted dopant is gaussian or 
near gaussian in shape9 however, the electrical profile, especially in compound 
semiconductors, does not always follow the atomic profile. It is also true to say that, 
the atomic profile can undergo significant changes in shape during the post implant 
anneal as a result o f diffusion. The level of diffusion observed will depend on several 
factors such as thermal cycle, choice of encapsulant,implant species and atomic 
concentration.
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If we now consider the implications of the doping profile shape used for say, the 
channel region of an FET, then, the application for which the device is to be used 
must first be considered. Work by Pucel et. al.1 and other authors2-54, has predicted the 
behaviour of devices for particular geometric conditions. The work of Ladbrooke-5, 
illustrates the effect o f channel doping profile shapes on FET device characteristics. 
Figure 1.1 illustrates two channel doping profiles with the resulting drain current (ID) 
verses drain source voltage (VDS) characteristics that would be expected from each. 
The obvious difference seen in the two profiles is the gradient with which the dopant 
tails off into the substrate. The abrupt doping profile gives rise to a saturated region of 
ID while for the shallow profile, ID is dependent on V DS beyond the knee of the curve. 
This effect results from an increase in the substrate current (Isub) below the gate region 
of the device, which in turn leads to an increase in the noise figure. Further reductions 
in the noise figure can be achieved by decreasing the source and drain contact 
resistances. This can be done by increasing the carrier concentration in the region of 
the contacts such that low resistance ohmic contacts can easily be facilitated. The 
ultimate aim arising from increasing the carrier concentration in the source drain 
metalisation regions, would be to allow the formation of non-alloyed ohmic contacts. 
This in turn would allow a break from the current technology of alloyed Au-Ge-Ni 
contacts which would simplify the processing and allow improvements in complexity 
and size.
1.2 Carrier Profile Modification Techniques
To obtain an optimised carrier profile, two different approaches can be employed. The 
first is to install the dopant into the semiconductor lattice in the required position; the
3
Figure 1.1 Effect o f channel doping profile shape on ID-VDS characteristics
Depth
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second, is to remove the effect of the unwanted carriers by some compensation 
mechanism.
1.2.1 Pre-amorphisation
The dopant profile shape for implants performed into crystalline substrates tends 
to suffer from tails which extend into the substrate as a result of the energetic ions 
travelling along the crystal axes. To minimise this effect, the convention is to 
orientate the crystal axis away from the direction of the beam; however, a 
percentage of the ions re-channel along the crystal axis. Work by Blunt et. al.* has 
shown the dependence of crystal orientation on the channelling observed for 
silicon implants in GaAs. Furthermore, they demonstrated the advantages of 
implantation through amorphous surface layers in controlling the channelling. To 
prevent channelling from occurring, they concluded that the best solution is to 
destroy the crystallinity of the substrate. Figure 1.2 shows the results for a 
simulation7 o f a boron implant into crystalline and amorphous silicon. As can be 
seen from the illustration, substantial channelling is observed compared to the 
amorphous sample even after the crystal has been misaligned to the beam. This 
technique, known as pre-amorphisation, uses an isoelectronic ion to introduce 
damage in the substrate prior to the dopant implant being performed. Although this 
technique is commonplace in silicon technology, with the use of ions such as Si+, 
Ge+ or Sn+ being employed to produce the lattice damage, little work has been 
done in compound semiconductors. Due to the more complex bonding structure of 
the substrate, it is generally accepted that amorphisation of the substrate should be 
avoided which has in turn led to a considerable amount of work on elevated
5
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Figure 12  Com puter sim ulation o f  25 k eV  boron  im plant into crystalline and  
am orphous silicon  substrate w ith  8 ° o f  tilt and 0 ° rotation. B eam  divergence is 2 °.
Depth - angstroms
temperature implantation. One piece of work by Graf et al8 using argon implants 
to produce damage in gallium arsenide prior to implantation with silicon, showed 
significantly improved carrier profiles when compared to the single ion implant, 
although, with reduced electron mobilities. Other researchers9, despite achieving 
good atomic profiles, found poor electrical activation when using argon, and, it 
was not possible to emulate the work of Graf as insufficient information relating to 
the argon implant was contained in the publication. Other published work on the 
preamorphisation of gallium arsenide20 dealt with the use of Ga++ and As++ ion 
beams to form an amorphous layer. Subsequent implants o f silicon were then 
demonstrated to have significantly more abrupt atomic profiles than those seen for 
crystalline implants, with good recovery of crystallinity following rapid thermal 
annealing at 960° C for 7 seconds. The electrical properties o f the samples with the 
highly damaged substrates were not as good as those seen for the implants into 
crystalline substrates. The majority o f the other published work on co-implantation 
has dealt with the stoichiometric adjustment of the substrate in order to achieve 
either high carrier concentrations222228 or to prevent diffusion in the case of 
acceptor implants24. In all such work, high dose dopant implants were performed 
of the type not usually associated with channelling due to the high degree of lattice 
damage caused by such implants.
1.2.2 Compensation Techniques
Once the implanted dopant profile has been produced, it is possible to remove 
carriers by the subsequent implantation of other ion species. These carrier removal 
techniques fall into two main categories. The first, which relies upon the formation
7
of trapping centres, is generally associated with damage. This system of compen­
sation has been widely studied for the generation of isolation regions. Wohlleben 
and Beck'-5 first demonstrated the use of proton implantation for the conversion of 
P-type and N-type GaAs into high resistivity material. This was then demonstrated 
to be a viable technique by Foyt et. al."5 for the isolation o f device structures even 
following subsequent thermal cycling (the substrates remained high resistance 
following contact alloying at 500° C, but were found to revert to low resistance at 
700° C). Steeples et. al.17 compared the use of protons, deuterons and tritium ions 
and found that deuterons showed the most efficient carrier removal properties. 
Oxygen is another ion which is commonly used for compensating both N-type and 
P-type material. Favennec'5 was the first to demonstrate that implanted oxygen 
could be used to achieve compensation. He concluded that the compensation 
resulting from the oxygen implantation was stable to a higher anneal temperature 
than that seen for protons and, that the oxygen was responsible for the formation of 
a deep double electron trap. He further concluded that the compensation effect 
was dopant species independent; however, this has since been contradicted by 
other authors'920. The most recent work to date2' suggests that, there are several 
compensation mechanisms operating for oxygen implants and that it is not purely a 
damage related mechanism. Eirug Davies et. al.22 investigated the use of boron, 
nitrogen and fluorine as compensating ions in silicon doped epitaxially grown 
layers. Compensation rates of 185,190 and 235 carriers per ion were found for the 
three ions resectively. The removal rates were found not to scale with the energy 
dissipation resulting from the implantation. Two annealing stages were observed 
for the nitrogen implanted samples, these being, up to 225° C which they attribute 
to the removal of point defects, and, up to 525° C, which they attribute to the
8
removal of extended defects. No annealing data was included for the boron and 
fluorine implanted samples. Boron has also been investigated by Clauwaert et. al.25 
who found a similar dose dependence as seen for proton implants, with a higher 
dose of boron being required to achieve compensation if annealing is performed 
following implantation. McNally24, has successfully used this effect to tailor 
MESFET device performance. As a major residual impurity in liquid-encapsulated 
Czochralski (LEC) grown GaAs, the effect of the growth concentration of boron in 
silicon implanted GaAs has received much attention25, as has the behaviour of 
boron with defect centres such as EL22<S. The results of such studies have shown 
that boron serves to reduce both the concentration of EL2 and the sheet carrier 
concentration for a given melt stoichiometry* furthermore, it reduces the gallium 
vacancy (Gavao) levels by forming B-As bonds which are formed preferentially to 
the Ga-As bonds27. The latter effect, serves to reduce the activation of silicon 
implants within the concentration range studied in this work. In summery, the role 
of boron as with oxygen, in the compensation of silicon implanted GaAs, cannot 
be solely attributed to damage related effects; furthermore, when used in 
conjuction with silicon, it may well be expected to promote amphoteric behaviour 
of the silicon.
The second technique for the removal of unwanted carriers is by compensation 
with carriers of the opposite type. In the case of silicon compensation, P-type 
dopants are implanted within the region that the carriers are to be removed. This 
type of compensation will generally result in a one to one removal rate, assuming 
both dopants become fully activated. Figure 1.3 demonstrates the effect of the 
commonly used P-type dopants beryllium, magnesium and zinc on a silicon 
implant of the type used in this work assuming full electrical activity of all
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Figure 13  Com puter sim ulation o f  expected com pensation resulting from  deep  
p-type dopant implants.
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dopants. The implantation peak distributions for the P-type dopants have been 
aligned by scaling the implant energies to account for the different ion masses. If 
we consider the lateral straggle o f the P-type dopants then the preferred dopant is 
zinc as this gives the minimum reduction in the peak concentration of the donor 
implant and thus results in the steepest tail profile. If we consider the mass of the 
dopants then the preferred dopant for tailoring the implant would be beryllium, as 
its light mass will result in less lattice damage which, as has been previously stated 
is beneficial. Also shown in the diagram is carbon, which has received little 
attention as a conventional P-type dopant because of its poor electrical activity 
following annealing28. Carbon has however, been shown to have significant 
activity when coupled with implants of gallium29 due to the resulting arsenic 
vacancy (Asvnc) sink. Furthermore, unlike beryllium80, zinc82, and magnesium82, 
carbon88 does not diffuse significantly following typical implant annealing 
schedules. So the depth distribution can be controlled easily by implantation and 
there is no risk of dopant "pile up" at the semiconductor/encapsulant interface. 
Coupled with these factors, the light mass of carbon will result in little lattice 
damage which makes it an excellent candidate to use for profile modification. 
Work by Paulson and Tam84 has demonstrated the dependence of the pinch off 
voltage on substrate carbon concentration for silicon implanted GaAs FET’s. In 
this work, the pinch off voltage was modified from 5.5 volts to 3.5, 2.0 and 0.8 
volts for substrate carbon levels of 1, 2 and 5 x 1016 cm-3 respectively. Recent work 
by Kiyama et al88 has demonstrated the threshold voltage variation for silicon 
implanted FET’s along a boule correlates well with the carbon concentration 
variation. Modification of their growth technique has allowed the carbon concen­
tration to be maintained at 1015 cm-3 along the length of the boule compared with
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the previous values of 1-6 x 101S cm 3 varying along the boule. This has resulted in 
the threshold voltage variation from seed to tail being 0.1 volts compared with 
previously recorded values of 0.4 volts. This represents an improvement from 10% 
to 1.4% variation. If a uniform carbon distribution can be attained in the material 
by implantation, to a level that overrides the as-grown levels, it should be possible 
to control not only the seed to tail variation in threshold voltage but also the across 
wafer uniformity.
1.3 High Carrier Concentration Doping
The advantages of obtaining high carrier concentration material have been detailed 
earlier in section 1.1. It is well known that it is possible to achieve higher carrier 
activation from samples that are implanted with the substrate held at an elevated 
temperature, than from substrates held at room temperature2*5. However, the techno­
logical disadvantages of performing hot implants has led to it not being an acceptable 
technique for production. Many authors-3725 have studied the use of co-implantation to 
improve stoichiometry following the paper of Heckingbottom and Ambridge29 who 
proposed the use of a second ion implant which will occupy the opposite lattice site to 
that of the dopant. Combinations of ions such as Se+Ga, Te+Ga and Si+P rely upon 
the use of an isoelectronic ion to pair the dopant ion, while, pairs such as Sn+S and 
Se+Si use two dopants which would ideally occupy opposing lattice sites. Although 
some authors have reported substantial increases in the peak electron concentrations 
ach ievedothers  have noticed little or no increase"". Several researchers have 
addressed the amphoteric problem associated with silicon by implanting both 
phosphorus and arsenic along with the silicon. Nakamura et al." demonstrated that
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dramatic type conversion, from N-type to P-type, occurred in silicon implanted 
samples, as a co-implant dose of gallium was increased beyond a critical level. This 
was shown to occur if a similar dose of arsenic was also implanted with the gallium. 
Furthermore, co-implants of arsenic alone were shown not to improve the electron 
concentration. The authors concluded that the arsenic implant was responsible for the 
creation of a deep acceptor level similar to that seen for nitrogen co-implantation. The 
arsenic implant was shown to reduce the effect of the gallium implant on the type 
conversion if the samples were annealed under a Si02 encapsulant. Banwell et al." 
compared the use of co-implants of arsenic to dose levels o f five times that of 
implants of silicon over a range of doses; they found no advantages in co-implantation 
until a dose of 101S Si+/cm2 was reached, at which point, only marginal increases in 
activation were noted. Rybka et al." performed a similar experiment using silicon 
implants over the range 1013 to 1015 Si+/cm2 with co-implants o f phosphorus of equal 
or five times the dose of silicon. The equal dose implants gave the best activity 
throughout the dose range studied, with the higher dose phosphorus implants showing 
an improvement on the silicon only implanted samples. Low dose implants of silicon 
(5xl012 Si+/cm2) have been studied with a variety of doses of nitrogen, phosphorus 
and arsenic by Hyaga et al.47. In this work, co-implant doping concentrations below 
1017 ions/cm3 did not affect the silicon activation. Beyond this level, phosphorus 
enhanced the activation while the other two ions reduced the activation. Sugitani et al. 
48 compared the optimum annealing temperature for an isochronal anneal of 0.1 
seconds with co-implant doses of phosphorus for a silicon implant of 2x l013 ions/cm2. 
As the phosphorus dose was increased from one to three times that of the silicon, the 
optimum anneal temperature was raised from 950° C to 990° C compared to an 
optimum temperature of 920° C for no phosphorus. Also, the maximum sheet carrier
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concentration achieved was seen to decrease with increasing phosphorus dose, 
although the maximum value for the 3xl013 P+/cm2 implanted sample was still above 
that seen for the silicon only implanted sample. The decrease in carrier concentration 
with increasing phosphorus dose was reported as resulting from the increased 
radiation damage with increasing dose. Comparison of co-implants of phosphorus or 
aluminium, with silicon, by Farley et al." demonstrated, that, co-implantation can 
strongly affect the site location of silicon implanted into GaAs following cappless 
RTA. In short, phosphorus co-implants reduced autocompensation while aluminium 
implants enhanced it.
Much of the work associated with achieving high carrier concentration material has 
relied upon the use of very high temperature anneals ( s i000° C). While these are 
achievable in a research environment, they are not favoured in production. The use of 
rapid thermal annealing to control the heating cycles and thus minimise the total 
anneal time, while being helpful, creates its own problems such as uniformity and 
thermal shock. It would therefore be advantageous to reduce the anneal schedule in 
temperature such that current processing techniques could be used.
1.4 Annealing Techniques
As annealing is an integral part o f doping semiconductors using ion implantation, this 
section will present a brief resume of annealing techniques. Several excellent review 
articles on rapid thermal processings305152 document the application of this technique 
from the early reports on rapid thermal annealing" and limited reaction processing" 
up to the present day. In these two early reports, the authors used equipment of similar 
design, this being a resistively heated graphite strip with thermocouple feedback for
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temperature control. The sample was then placed upon the graphite strip, which was 
enclosed within a vacuum vessel, prior to thermal cycling. Commercially available 
equipment however does not use this type of design, rather, one first proposed by 
Nishiyama et. al.88. This method uses radiant energy generated from banks of quartz 
halogen lamps to remotely heat the sample. This has the advantage that the sample 
can be enclosed within a quartz envelope (which is transparent to the incoherent lamp 
radiation) such that the sample can be isothermally heated in virtually any gas 
ambient, whilst the quartz envelope can be kept at or near room temperature by the 
use of suitable cooling. This type of design is now used by a large number of 
manufacturers for heating substrates in a variety of annealing and deposition systems. 
One of the major problems encountered in such systems, is the "non contact" 
measurement of the sample temperature. The use of optical pyrometry has been 
employed as a solution to this problem; however, interference of the target infrared 
radiation by the bulb and quartzware radiation is still a major problem, as is the 
variation of sample emissivity both with sample temperature and sample preparation. 
The problem of interference from the bulb radiation has been tackled in several ways 
by a variety of manufacturers, with the most common technique being choice of a 
pyrometer with suitable wavelength to measure the target radiation; the bulb radiation 
is then screened out with suitable filters. The most recent advances on this problem 
have been made by "Acufibre", who monitor the bulb radiation and the target 
radiation via two light pipes and then extract the bulb contribution from the target 
signal by using the a.c. element appearing in the bulb signal. A  commercial system 
based on this idea is soon to become available.
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No such temperature measurement problems exist in the more commonly used 
furnace annealing, which, is often used as a reference for the rapid thermally 
processed (RTP) samples. It is worth noting, that, as will be shown in this work and as 
has been shown by previous authors"-57, the complete thermal cycle that a sample 
experiences should be taken into account when cross comparing annealing machines 
and techniques. That is to say, it is not just the ultimate temperature that is reached 
that is of importance, but the ramp up and ramp down times as well as the dwell time 
at temperature. For this reason, plus the discrepancies seen between the variety o f 
temperature measurement techniques commonly employed, great care should be taken 
when comparing published data.
1.5 Aim s o f the Project
The initial aim of this project was to develop a heating system to enable the study of 
the activation of ion implanted dopants in GaAs. The system was then compared with 
those used by other research groups so a better understanding of the sample/system 
behaviour could be gained for both commercial and home built systems. Following 
this, co-implantation has been used to address current difficulties arising from 
implantation of N-type (primarily silicon) dopants in GaAs. These problems include, 
prevention/removal of channelling tails, ion implantation through dielectric layers and 
generation of n+ regions. Throughout this work, an attempt has been made not to stray 
from current process capabilities, such that it should not be necessary to await a new 
technology before the results could be implemented.
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CHAPTER 2 
EXPERIM ENTAL TECHNIQUES
2.1 Ion Implantation
The Se+ and Sn+ ion implantation was performed on the 500 kV heavy ion implanter at 
Surrey University, (see figure 2.1).
Positive ions which are generated in the ion source are extracted through a potential of 
20 kV into the Einzel lens where beam focusing takes place. The ions are then 
accelerated to their target potential via the acceleration tube. The terminal voltage of 
the machine can be maintained at a potential of from 50 to 500 kV, which allows for 
implant energies of between 25 keV and 1 MeV depending on if molecular, singly or 
doubly charged ions are being implanted. Mass analysis is performed using the 
electromagnet which can have its solid exit angle reduced by the use of the slits, thus 
improving the mass resolution. Electrostatic plates are used to raster scan the beam.on 
the target and also provide electrostatic filtering by the use of a d.c. offset. The 
implant dose is monitored by integration of the charge incident on the target during 
implantation. The total charge collected for a certain dose is given by
Q = e Nd A
where e = electronic charge
Nd = Dose
A  = target area
The dopant profile can be obtained from the following relationship
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The projected range Rp is the mean depth at which the implanted ions come to rest 
after nuclear and electronic stopping. 6Rp is the longitudinal straggling which is the 
standard deviation of Rp. This theory was first introduced by Lindhard, Scharrff and 
Schiott and is generally known as the LSS theory". Improved descriptions of the 
overall profile are possible by introducing higher moments of the Gaussian distribu­
tion, examples of these are PR A L" and the Pearson IV distribution*0.
All the implantations were performed at room temperature with the samples being 
oriented in a non-channelling direction. The doses and energies are listed in the results 
section.
The Si+, C+ and P+ implantations were performed on a Varian 350D implanter at 
Plessey Research (Caswell) Ltd. The main differences between this machine and the 
Surrey implanter is that the Surrey machine is capable of much higher energies and 
uses post acceleration mass analysis.
2 2  Encapsulation Techniques
To prevent the loss of arsenic during post implant annealing, it is necessary to 
encapsulate the surface. This is commonly done using a dielectric layer of silicon 
nitride or aluminium nitride. This section deals with the deposition techniques 
employed for this purpose in this work.
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Figure 2.1 Schematic diagram of the 500kV Surrey heavy ion implanter.
Figure 22 Evaporation system used for A IN  deposition.
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2.2.1 Pyrolytic Silicon Nitride
The Si3N4 deposition was carried out using a system based on a design first 
proposed by Donnelly61 . The system uses a graphite strip heater on which the 
sample is heated quickly to the required deposition temperature.
Gas flows in the ratio 100N2: 40NH3: 60S%H„ the reaction for this process being 
given by the following formula
3 SiH4 + 4NH3 Si3N4 + 12H2
From a base pressure of 10 4 torr, the gas flows were maintained for a period long 
enough (5 minutes) to allow the reaction chamber to reach atmospheric pressure 
before the heating cycle was started. All the depositions were made at 635° C 
which gave a nitride thickness of 300 A for a deposition time of 7 seconds and 900 
A for 17 seconds. Following the deposition, the chamber was pumped to 102 torr 
to remove residual gases prior to the removal of the samples.
The Si3N4 films produced in this way were found to be reliable encapsulants to 
temperatures of 950° C 62.
2.2.2 Plasma Enhanced Chemical Vapour Deposited (PECVD) Silicon 
Nitride
PECVD silicon nitride was deposited to a thickness of 500 A at a temperature of 
350° C using a "Plasma Tech PD80" deposition system. The deposition time for 
this nitride was 15 minutes. The advantage of this deposition technique is that 
uniform large area coverage can be achieved, this being necessary for through 
nitride implantation of whole wafers.
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2.2.3 Aluminium Nitride
Reactive evaporation of aluminium in an ammonia rich atmosphere was used to 
deposit thin AIN layers which were also used as an encapsulant for the high 
temperature anneals. To enable the evaporation to be made, an Edwards hot 
filament evaporator was modified to enable process gases to be fed into the 
chamber. A  large baffle was fitted over the diffusion pump gate valve (see figure
2.2) to allow high pressures to be maintained within the vacuum chamber while 
the gate valve was still open. Originally, the ammonia source was obtained by 
bubbling N2 through ammonia solution. However, it was found that if ammonia gas 
was used much better film uniformity was possible. The initial vacuum achieved 
prior to the introduction o f the ammonia was 1 x 106 torr,* the ammonia flow rate 
was then adjusted to obtain a pressure in the 1 x 102 torr range. The filament 
temperature was then raised and the aluminium visually monitored to note the 
onset of evaporation. The evaporation rate was then controlled to allow the 
formation of the AIN. When a thick enough film had been deposited the filament 
temperature was reduced. The reaction for this process is given by the equation
2 Al + 2 NH3 -*  2 AIN + 3 H2
Further information on the production, characterisation and performance of these 
films as encapsulants on GaAs can be found in the literature 63 64 65.
2.2.4 Dual Layer Encapsulant
The two nitrides previously described were used together to form a dual layer 
encapsulant. This encapsulant consisted of 300 A of Si3N4 under 700 A of AIN.
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This enabled the stoichiometry of the AIN to vary between wider limits than had 
been possible when using it on its own, as the Si3N4 prevented the indiffusion of 
any free aluminium. Another benefit of this type of encapsulant is to reduce the 
stress across the Si3N4 film as the AIN has a similar thermal expansion coefficient 
to GaAs. It acts to sandwich the Si3N4 preventing it from cracking and flaking off. 
This encapsulation system proved to be useful for temperatures of up to 1150° O .
2.3 Annealing Techniques
In this section, details o f the constuction of the rapid thermal annealing equipment 
that was developed during this project will be given. The perforance of the systems 
will then be demonstrated in the following two chapters.
2.3.1 Graphite Strip Heater
The graphite strip heater consists of three main components. These are, the 
vacuum system, the power supply and the control electronics.
2.3.1.1 Vacuum System
The construction of the vacuum system is shown in figure 2.3. A  two stage 
rotary pump is used to evacuate the chamber to a pressure of 101 torr. Vacuum 
and gas services are supplied via a base unit which houses the electrical 
leadthroughs to support and supply power to the graphite strips. Following the 
evacuation of the chamber the required gas ambient is introduced. The system
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Figure 23 Constuction o f the double graphite strip heater.
Figure 2.4 Schematic diagram o f the furnace control electronics.
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is then sealed using a bell-jar with clamping ring.
2.3.1.2 Power Transformer
The graphite strips are supported between the two electrical leadthroughs 
which are connected to the secondary windings of a 1 kVA isolated trans­
former. The transformer supplies a maximum of 100 A  at 10 V, which 
resistively heats the graphite. The power being delivered is phase controlled by 
triacs in series with the primary winding of the transformer (240 V).
2.3.1.3 Control Electronics
Closed loop control is facilitated by the use of a Cr/Al thermocouple embedded 
within the graphite strips or by an analogue signal derived from an "Ircon 
Mode 3" optical pyrometer focused on the strips. This output voltage is then 
amplified and compared with a reference voltage which equates to the required 
temperature. The output from the comparator is processed and used to fire the 
triacs in the primary winding of the transformer. The control electronics can be 
used in either manual or automatic mode. In manual mode it is possible to 
select the heating rate and the time duration at temperature, while in automatic 
mode it is possible to perform multistage anneals under software control. A  
schematic of the circuit is shown in figure 2.4.
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The incoherent lamp furnace (ILF) consists of two main units, the control 
electronics and the furnace chamber.
2.3.2.1 Control Electronics
In order to maintain similarities between the GSH and the ILF the same control 
electronics was used for both systems. It was however necessary to modify the 
power control triacs as the supply power to the ILF was in excess of 12 kW, 
compared to the 1 kW supplied to the GSH.
2.3.2.2 Furnace Chamber
The furnace chamber (see figure 2.5) consists of an array of 8 x 1.5 kW linear 
quartz halogen lamps within a cylindrical mirrored enclosure. The sample 
holder is a graphite susceptor on which the sample is placed. This is mounted 
on quartz points on a quartz rod which is located centrally on the axis o f the 
reflective chamber, through which the required gas ambient is passed. A  Cr/Al 
thermocouple cemented within the graphite records the temperature and 
supplies the signal for the closed loop control.
2.4 Temperature Measurement
This section deals with the temperature measurement methods used in this work and 
how the systems overall calibrations were achieved.
2.3.2 In coh eren t Lam p Fu rnace
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Figure 23  Schematic diagram of incoherent lamp furnace showing sample mounted 
between the two graphite susceptors.
FURNACE CHAMBER
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The thermocouples used throughout this work were manufactured from 0.1 mm 
wire, these being the smallest commercially available. Despite the physical 
handling problems these thermocouples were used to obtain the fast response 
required and minimise the heat conduction along the thermocouple.
2.4.1.1 Thermocouple to Graphite Strip
The thermocouple was threaded through a small hole drilled completely 
through the graphite strip. The junction region, being of larger cross section 
than the wires, was pulled into a partially drilled hole to form an interference 
fit. The thermocouple was then cemented into place using a high thermal 
conductivity ceramic cement ("Ceristill"). This procedure was found to give the
most reliable results and give the fastest thermocouple response time, (see 
figure 2.6). This system of thermocouple mounting was also employed on the 
graphite susceptors in the ILF.
2.4.1.2 Thermocouple to Dummy Sample
To mount the thermocouple to the dummy sample, the thermocouple was 
placed on the sample so the wires were adjacent to the samples surface (figure 
2.7). A  small amount of "Ceristill" was used to cement the thermocouple in this 
position and to increase the thermal conductivity of the joint. Another system 
was also tried where the wires were perpendicular to the sample surface, but 
this was found to give low readings (figure 2.8).
2.4.1 Therm ocouple M ou n tin g  Techniques
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Figure 2.6 Mounting o f the thermocouple to the graphite strips.
[
Figure 2.7 Mounting o f the thermocouple to the sample used in this work.
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Figure 2.8 Alternative mounting technique tried for thermocouple to sample
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24.2 Optical Pyrometer Measurement
An "Ircon model 3" dual colour pyrometer was used to provide an independent 
temperature measurement. This instrument was chosen as it does not rely on the 
emissivity of the hot body being known and it also has a response time of 0.1 
seconds. However, the accuracy o f the instrument is only 1% of full scale which 
relates to ± 16° C so a more accurate calibration is required.
2.4.3 System Calibration
To calibrate the overall system, small pieces of gold, silver and aluminium were 
placed onto both the strips and the dummy samples. The temperature of the 
furnace was then slowly raised, and the melting point noted.
2.5 Measurement Techniques
In this section, details o f the characterisation techniques used to assess the electrical, 
microstructural and atomic properties of the samples will be summarised.
2.5.1 Electrical Measurements
Two methods of electrical assessment were used to determine the carrier 
concentration achieved in the samples following post implant annealing.
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Using a four terminal structure as defined by Van der Pauw*7 and providing the 
lamina is continuous with ohmic contacts at the periphery, the specific sheet 
resistivity may be expressed as
2.5.1.1 Van der Pauw / H a ll E ffect
Where, referring to figure 2.9
f(R :/R2) is a correction factor which tends to 1 for a symmetrical sample.
Further to this the sheet Hall coefficient Rs can be determined by measuring the 
voltage change in V 13 normal to the current path I24 when a magnetic field B is 
applied perpendicular to the sample. Rs is given by
From measurements of the sheet Hall coefficient and resistivity, the sheet Hall 
mobility pa may be calculated, since
(2)
(S)
and the sheet carrier concentration N is obtained from
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(6 )
where r is the ratio of the Hall mobility [a to the conductivity mobility p. The 
precise value of r is dependent upon the impurity concentration and scattering 
mechanisms. It is assumed to be equal to unity for ion implanted layers.
Such sheet electrical measurements may be combined with layer removal 
techniques to allow carrier concentration and mobility to be ascertained as a 
function of depth, such that
J - _ - J - )  (?)
Psi Pi(i +1)/
ed\ki 
and
where (i) and (i+1) are consecutive measurements following the removal of a 
layer of thickness d.
Sample Preparation
To implement this technique experimentally, the samples were prepared for 
measurement as follows.
1) Following the anneal, the samples were cut into clover leaves of 
5mm diameter using a mask and microblaster.
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2) The samples were washed in boiling toluene to remove any residual 
wax.
3) The encapsulant was removed in 40% hydroflouric acid (HF) at room
temperature.
4) The samples were washed in distilled water.
5) Tin dots were alloyed to the sample at 300° C for 2 minutes in
flowing hydrogen (10%) and nitrogen (90%) gas.
6) Samples were mounted to copper clad boards using wax and
connections to the tin dots made using high conductivity silver paint.
If the sample was to be profiled then an etch of H2S04:H20 2:H20  in the 
proportions 1:1:125 was used, which provided an etch rate of approximately 
300 A / minute. Following the measurements, the amount of material 
removed was determined using a "Talystep" so that the correct etch rate 
could be determined for each sample.
2.5.1.2 Capacitance-Voltage Profiling
Analysis of the capacitance-voltage (C-V) behaviour of the depletion region of 
a reverse-biased Schottky barrier is a convenient non-destructive method for 
determining the doping profile in a semiconductor. The main disadvantage with 
this technique is that the maximum depth that can be profiled is limited by the 
electrical breakdown at high reverse bias. A  solution to this problem was 
proposed by Ambridge and co-workers68 leading to the development of a 
commercial machine by Bio-Rad Microscienee Ltd., Watford, U.K. It is one of
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Figure 2J9 Ciovcrleaf Hall sample.
Figure 2.10 Poloron electrochemical cell used for C-V measurement.
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these machines that has been used throughout this work. This system is based 
on the use of an electrolyte to form the Schottky barrier for the C-V 
measurement, the electrolyte can then be used for the subsequent electrolytic 
removal of material. Using this technique, it is possible by repetitive etch and 
measurement, to profile over large depths at high carrier concentrations. This 
method is, however, destructive.
Specific problems associated with this technique when compared to conven­
tional C-V (mercury probe or evaporated metal Schottky) have been addressed 
in the literature by several authors*970. These papers tend to address specific 
sample types and the use of different electrolytes. There is however, an exellent 
review of the technique and problems associated with it by Blood7'. In this 
review the author addresses the general problems associated with the measure­
ment and offers advice on how to minimise the errors for a variety o f sample 
types.
The practical implimentation of the measurement uses an electrochemical cell 
as shown in figure 2.10. The sample is held in place on the sealing ring by four 
sprung loaded points. The sealing ring defines the area of the Schottky barrier 
formed, while ohmic contact is made to the front of the sample by the use o f tin 
wires which contact onto tin dots alloyed onto the surface. This method of 
contacting was found to give more reproducible results than the "spark 
welding" system offered on the machine. The etching and measuring conditions 
are controlled by the potential across the cell and this is established by passing 
a DC current between the semiconductor and the carbon electrode. The AC 
signals are measured with respect to the Pt electrode located close to the 
sample surface to reduce the series resistance due to the electrolyte.
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From Poisson’s equation and assuming the depletion approximation, then we 
have
This implies that within the confines of the depletion approximation, the value 
of C is determined solely by the value of xd irrespective of the value of Nd at xd. 
It is this result that is used in the C-V technique to determine the depletion 
depth. If it is assumed that there is no contribution from deep states and that the 
test diode is a good approximation to an ideal capacitor, then xd can be 
determined by measuring the diode capacitance.
Furthermore it can be shown72 that the carrier concentration at the depletion 
edge can be given by
With the removal o f material, the depth at which this value of Nd is actually 
measured becomes the sum of the depletion depth and the removed depth. The 
depth of material that is removed is obtained from Faraday’s Law of 
electrolysis such that
C «  E80— 
xd
(9)
where
A  = area of the junction 
xd = depletion depth
(10)
Etch
a i )
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Where M = Molecular weight of semiconductor 
F = The Faraday constant 
Z = The valency of semiconductor 
D = The density of semiconductor 
I = Etch current
Prior to the carrier profiling of the samples, the I/V and C/V curves were 
assertained in order to detail the measurement parameters to be used. This 
involves both the illuminated and dark measurement of the I/V curve for N 
type material; this gives the best illumination intensity and etch current values 
to facilitate a smooth etch.
The junction capacitance C was measured with an AC signal which was set at a 
frequency of 1 kHz and an amplitude of 100 mV; this signal was in turn 
modulated with a lower frequency signal of 10 Hz at the same amplitude in 
order to measure dC/dV.
The output signal is resolved into its phasor components after suitable 
amplification, by a pair of phase sensitive detectors operating at the carrier and 
modulation frequencies. These voltages are then digitised and passed onto a 
computer for calculation.
Following the measurement the etch crater was inspected for flatness using a 
Nomarski microscope. This also allowed a check to make sure that no bubbles 
had formed on the sample as this would change the effective area of the 
measurement. The etch crater depth was also cross checked using a Talystep, 
but this measurement was discontinued due to the reproducibility of the values 
given by the profiler.
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2.5,2 Rutherford Backscattering Spectrometry (BBS)
The scattering of ions by the coulombic field of an atom is a powerful tool for the 
analysis of micron thick surface layers73. The energy spectrum obtained from ions 
backscattered from a target contains information about the target element concen­
tration and depth distribution. If ion channelling is used, information about lattice 
damage and lattice site location o f impurities may also be obtained. In this work, 
ion channelling was used to study the damage introduced during implantation and 
the subsequent crystal regrowth during post implant annealing.
2.5.2.1 Experimental System
A  schematic diagram of the system used for routine backscattering analysis is 
shown in figures 2.11 and 2.12. Alpha particles are generated and accelerated 
using a Van de Graaff accelerator, providing a collimated monoenergetic beam 
of 1.5 MeV. The beam is chopped by a four blade rotating vane which is coated 
with platinum and rotates at 4 Hz. The backscattered particles from the vane 
are detected by a surface barrier detector and used as an independent check on 
the target charge integration. This provides a more accurate calibration 
reference so that cross comparison of spectra can be achieved.
Particles backscattered from the target are detected by a separate surface barrier 
detector, the signal from which is amplified and fed into a multichannel 
analyser which then increments one of 512 channels depending on the energy 
of the incident particle. When a sufficient number of counts has been achieved 
a hard copy of the spectrum can be obtained.
37
Figure 2.11 Schematic diagram of beam line layout for the RBS measurement 
system.
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Figure 2.12 Schematic diagram of sample end station used for RBS measure­
ments.
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The sample is mounted on a three axis goniometer which permits accurate 
orientation to the beam to allow ion channelling experiments to be performed. 
The charge collected by the sample is routed to a current integrator which is 
monitored by the central processing computer.
2.5.2.2 System Calibration
The kinematic factor K may be defined as
/ i\2
E„
M x cos 0 + (M l  -  M l  sin2 0)2
(M 1+M 2)
(12)
where Ea is the energy of a backscattered particle after an elastic collision with 
a target atom and Eb is the incident energy. For He as the projectile, Au as the 
target atom and a scattering angle of 160° as used here, K=0.9242. Thus after 
collision with a gold atom at the surface of the target, the energy of the 
backscattered particles in the above system will be 0.9242 x 1.5 = 1.3863 MeV. 
System calibration was thus effected by using a thin gold film sputter deposited 
onto silicon. The system amplification is then set so that the gold peak 
corresponds to channel 450.
With the system calibrated in this way, the energy window per channel is 
1.3863 / 450 = 3.08 keV / channel.
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When the ion beam is incident upon one of the major crystallographic axes of a 
crystalline target, the phenomenon of channelling may occur. In RBS, this is 
characterised by a significant decrease in the backscattered yield, particularly 
in the region relating to the near surface of the sample. By comparing the 
random to the channelled yields it is possible to assess the number of atoms 
that are not on lattice sites, and therefore the crystal quality. A  damage 
parameter x may therefore be defined as the ratio of the channelled (Y chan) yield 
to the random (Y rand) yield, such that behind the surface peaks
(13 )
Xmin -y
* rand
2.5.2.4 Damage Layer Thickness
The energy thickness of a damage layer observed in RBS may be linearly 
related to a depth if the energy loss factor [S] is known. This may be calculated 
analytically for a given system geometry if it is assumed that the rate of change 
of projectile energy with depth, 6E / dx, is constant along the inward and 
outward paths, and that the energy loss factor is evaluated at the beginning of 
the paths. This is known as the surface energy approximation.
With GaAs as the target and a 1.5 M eV He+ beam, the system geometry used in 
this work gives a value of 92 A  / channel.
2.5.23 Ion Channelling Experiments
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In addition to being implanted or backscattered, a beam of energetic ions incident 
on a target may collide with target atoms near the surface and cause them to eject 
surface atoms from the material. This loss of target material is called sputtering. 
The majority of sputtered particles are neutral; however, there is a small fraction 
which are ionised and these are capable of being accelerated and mass analysed. 
This is the basis of SIMS, in which a primary ion beam is used to sputter material 
from a target, ejecting secondary ions which are mass analysed, identified and 
counted.
2.5.3.1 SIMS Calibration
In this work ’dynamic’ SIMS was used to obtain atomic concentration depth 
profiles. This method consists of sputtering a crater in the target with, in this 
case a Cs+ primary beam, and simultaneously counting the number of 
secondary ion species detected per unit time. These counts per second are then 
converted to units of atomic concentration verses depth as described below.
Derivation of Atomic Concentration Values
’As implanted’ samples of the respective impurity species in GaAs 
substrates were examined. These samples having been prepared as SIMS 
calibration standards had well known implant doses. Secondary ion signals 
were recorded from both the implanted impurity and the arsenic matrix 
element. Because the total number of impurity atoms is known, a ’relative
2.5.3 Secondary Ion Mass Spectrometry (SIM S)
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sensitivity factor’ (RSF) was then determined. This allowed the atomic 
concentration N v of the same impurity element to be obtained in other 
samples of the same compound from the expression
This gives an accuracy in the atomic concentration of about ±15%  for the 
element / matrix combinations studied here.
Derivation of Depth Scales
Depth scales were established by measuring the total crater depth after 
sputtering had been completed and dividing this by the total time taken. 
Depth measurement was accomplished by means of interference fringe 
counting, this method giving an accuracy of about ±5% .
Experimental Conditions
In this work a primary 10 keV Cs+ beam was raster scanned over a 250pm x 
250pm square to form the sputter crater. This was monitored with optical 
microscopy to ensure the crater remained flat bottomed in all cases. Crater 
edge effects were avoided by only accepting secondary ion signals which 
originated from a 60pm diameter circular region in the centre of the rastered 
area. This was achieved by placing a suitable aperture in the focal plane of 
the secondaiy ion optics. The matrix signal was monitored to ensure that 
there was never any local increase in the sputtering yield.
I m a lm ;  element counts /  second
impurity counts /  second (14)
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C H A PT E R S  
E X P E R IM E N T A L  RESULTS
3.1 Introduction
The results presented in this chapter are seperated into three catagories. The first deals 
with the performance of the annealing equipment that was developed for use in the 
project. The developed systems are then compared with commercially available 
systems such as are found throughout industrial research laboratories. The second two 
catagories deal with material problems associated with MESFET manufacture. The 
first of these two catagories is the generation of high doping concentrations such as 
those used for the ohmic contact regions. Two problem areas are addressed here, these 
being, high dose implantation through encapsulants, and implantation of more than 
one ion to alter the activation of implanted silicon. Finally the third catagory deals 
with the low doping concentration regions generally associated with the channel of a 
MESFET. The problem addressed here is the modification of the electrical or atomic 
profile of the implanted dopants by the co-implantation of other ions.
3.2 Annealing Equipment
This section deals with the results obtained using the rapid thermal annealing 
equipment built in this project and described in section 2.3. The initial results are 
concerned with the performance of the control system. Electrical results obtained on
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samples annealed using the equipment will then be given to demonstrate the 
differences in the annealing systems. Finally a comparison will be made between the 
systems designed for this project and those that are available commercially.
3.2.1 Control Optimisation
Figure 3.1 shows a schematic of the experimental layout used for characterising 
the temperature response of the system and samples. The thermocouples are 
mounted as described in section 2.4. Tx and T2 are thermocouples embedded in the 
graphite strips. Provided the strips have the same dimensions (12 x 4 x 0.1 cm) 
equal temperatures are recorded. The output of either T, or T2 was used to provide 
the signal for the temperature controller. T3 is a thermocouple placed between the 
strips and records the same temperature within ± 2° C of T, and T2 over an area of 
about 2 cm x 2 cm. Thermocouples were also attached to samples placed on top of 
(T5) and between (T4) the strips so that a comparison could be made between the 
control temperature (T l or T2) and the sample temperature.
The temperature versus time curves shown in figure 3.2 and 3.3 show the effect of 
varying the setting of the control function on the strip temperature as measured by 
Tr  Set at some arbitrary value (figure 3.2) the system is seen to be under-damped 
resulting in an overshoot of 25° C and requiring approximately 5 seconds to 
stabilise. As the control function is adjusted to a level such that the control 
approaches critical damping, the setting used results in a slightly under damped 
system, as seen in figure 3.3. This resulting overshoot is less than 5° C for an 
anneal of 700° C and the system takes approximately 1 second to stabilise.
44
Figure 3.1 Relative positions of the thermocouples and samples during annealing 
in the graphite strip heater.
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Figure 3 2  Temperature (T l )  versus time plot for arbitrary value o f control 
function.
Figure 3.3 Temperature (T l )  versus time plot for slightly under-damped control 
function.
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3.2.2 M ultistage A nnea ls
Figure 3.4 is an example of the optical furnace operating under software control. 
Two different heating rates are demonstrated to reach two different plateau 
temperatures. The initial heating rate used is 20° C/s to a temperature of 500° C 
where the furnace remains for a period of 10 seconds. A  new heating rate of 80° 
C/s is then selected to raise the temperature to 900° C for a dwell time of 1 second. 
The cooling period for this anneal has been governed to approximately 13° C/s by 
allowing the power to be reduced slowly. There is a maximum possible cooling 
rate which varies between the optical furnace and the graphite strip heater as 
neither system has the facility for forced cooling. That is to say that the maximum 
cooling rate is achieved under zero power conditions, and that the losses from the 
two systems are not identical.
3.2.3 S ingle Graphite Strip H ea ter
The sample placed on the top of the strips shown in figure 3.1 represents the case 
of the single strip heater with the sample placed between the strips representing the 
double strip heater. This allows the experimental system to remain unchanged for 
both single and double strip anneals.
The response of the single strip heated samples is illustrated in figure 3.5 for a 
typical anneal schedule of 925° C for 25 seconds as measured using the optical 
pyrometer. Curve A  shows the response of the strips with the control signal being 
supplied by thermocouple T t. An overshoot in the strip temperature of 21° C is 
measured by the pyrometer. Curve D is the average response of the sample 
obtained from ten identical anneals, with curve B and curve C being the best and
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Figure 3.4 Temperature versus time plot for the incoherent lamp furnace opperat- 
ing under software control.
Figure 3 S  Temperature response of 10 samples annealed in the single graphite 
strip heater. A-Strip, B-Best case, C-Worst case, D-Average.
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worst cases respectively. The shaded area represents the degree of uncertainty in 
knowing the temperature and time of the samples anneal. For the case described 
here the temperature uncertainty is ± 30° C about a temperature of 875° C once the 
system has reached equilibrium. However, the indicated temperature in this case 
was 925° C so that larger errors could result if no correction was made to the 
indicated temperature.
3.2.4 Double Graphite Strip Heater
Curve A  in figure 3.6 shows the strip response as measured using the optical 
pyrometer, while curve B is the same response measured using thermocouple Tr 
The dashed line is shown as an extrapolation of the optical pyrometer response as 
the minimum temperature that can be measured using this system is 675° C. The 
sample temperature (thermocouple T4) is shown by cuive C. This response is the 
same as the one derived from thermocouple T3 which monitors the air gap 
temperature. It is this thermocouple which is used to measure the sample 
temperature under experimental conditions where a non-contact method is 
required. In practice, thermocouples T PT2 and T3 indicate temperatures that are 
within 2° C of each other, once the system has reached equilibrium. During the 
ramp up to temperature with a ramp rate of approximately 200° C/s, the maximum 
available, the sample temperature lags behind the strip temperature by approxi­
mately 1 second.
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Figure 3.6 Temperature response of strips measured using the pyrometer (A ), and 
thermocouple (B ) for the double strip heater. Curve C is the sample response.
Figure 3.7 Comparison o f strip temprature response (A ), with sample between 
strips (B ) and on top of strips (C).
TIME: ( s )
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3.2.5 Comparison o f Single and Double Strip Heaters
Figure 3.7 shows the temperature response of the strips (curve A), the middle 
sample (curve B ) and the top sample (curve C) as measured using the optical 
pyrometer for an anneal of 925° C for 30 seconds. The strip temperature 
overshoots by 21° C while the sample between the strips does not suffer any 
overshoot. This is due to the time lag of the sample behind the strip temperature 
which is sufficient to allow the strip temperature to reach equilibrium prior to the 
sample achieving the required temperature. The sample on the top strip has a time 
lag of some 10 seconds and at best only reaches a temperature of 20° C below that 
of the strip temperature. The effect of this on the quality of the anneal will be 
shown in the following section and discussed further in section. 4.2.4.
In figure 3.8 the outputs of thermocouples Tp T4 and T5 are shown for a typical 
annealing schedule. The anneal can be defined in the format T/t/fy where T is the 
plateau temperature, tt is the rise time to temperature and td is the dwell time at 
temperature. In this case, for the sample between the strips, we have 1000/7/20 and 
for the top sample, 940/12/15, while the strip response was recorded as 1000/5/22. 
As the air gap thermocouple T3 response is the same as that for the sample between 
the strips it was decided to define all the anneals using this thermocouple.
3.2.6 Sample Annealing Comparison
In this section electrical results obtained from implanted and annealed samples are 
presented to illustrate the performance of the annealing systems.
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32.6.1 General Anneals
To emphasise the possible errors in the two systems, a range of samples were 
annealed in an appropriate temperature and time region. The sample details are 
listed below with the sheet electrical results and annealing cycles. A ll the 
samples were encapsulated with a dual layer encapsulant. The electrical 
measurements were made as described in section 2.5.1.
Figure 3.8 Temperature versus time response o f graphite strip annealing 
system for an anneal of 1000° C.
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Table 1. Variation of the sheet electrical properties seen for anneals using the 
single and double graphite strip annealers.
Position Dose 
x 1014 
(cm-2)
Ion Energy
(keV)
W ,
(°C/s/s)
P*
m m
P,
(cm2/V
s)
N,
x 1014 
(cm-2)
Top
Between
1
1
Sn
Sn
300
300
1000/7/10
1000/7/10
162
58
1744
1931
0.22
0.55
Top
Between
5
5
Sn
Sn
300
300
1100/10/1
1100/10/1
79
52
2179
1921
0.36
1.03
Top
Between
10
10
Sn
Sn
300
300
1000/7/10
1000/7/10
75
52
1416
1382
0.59
0.75
Top
Between
5
5
Se
Se
300
300
1000/5/5
1000/5/5
84
55
1470
1382
0.51
0.81
Top
Between
1
1
Se
Se
300
300
1000/5/5
1000/5/5
488
233
1741
1844
0.07
0.15
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32.6.2 Temperature Dependant Anneals
A  further set of samples were implanted with Sn+ to a dose of 1 x 1014 ions/cm2 
at an energy of 300 keV . Following encapsulation with Si3N 4 and AIN, the 
samples were annealed at temperatures from 800 to 1050° C for times long 
enough to saturate the electrical activity at any given temperature 74. The sheet 
carrier concentrations are shown in figure 3.9 as an Arrhenius plot with the 
numbers beside the symbols indicating the number of samples measured at 
each temperature. From these results it can be seen that the values of sheet 
carrier concentration obtained from the samples annealed on the single strip 
heater are consistently lower than those achieved on the double strip system. At 
a temperature of around 850° C, there is an indicated difference in temperature 
of approximately 30° C, while at the higher temperature of 1000° C the 
difference becomes larger at about 50° C. Possible reasons for this will be 
discussed in the next chapter along with the results of the following time 
dependant study of the two systems.
32.6.3 Time Dependant Anneals
Figure 3.10 shows the variation in sheet carrier concentration for a range of 
anneal times for samples implanted with Sn as in the preceding section. All the 
samples were annealed at a temperature of 1000° C under a dual layer 
encapsulant. From the plot it can be seen that while the electrical activity of the 
samples annealed in between the strips has saturated after a time of 10 seconds, 
the samples that were annealed on top of the strips do not saturate until about 
25 seconds. This would indicate an anneal time difference of more than 15
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Figure 3.9 Arrhenius plot o f  carrier concentration for samples implanted with 1 
x  1014 Sn+/cm2, annealed using the single (O )  and double ( [ ] )  graphite strip 
heaters.
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Figure 3.10 Effect o f  anneal time on the sheet carrier concentration o f samples 
isothermally annealed at 1000° C  using the single (O )  and double ( [ ] )  graphite 
strip heaters
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seconds for the two sets o f  samples. It is also worth noting that the saturation 
value for the samples annealed on top o f  the strips is significantly lower than 
the value obtained for the samples annealed between the strips.
3.2 .7 Annealing Equipment Cross Comparison
Following the development o f  the double graphite strip heater and the optical 
furnace, a cross comparison exercise was proposed with other members o f  "the 
G aAs ion implantation working party". This project was undertaken so that the 
equipment that was currently being used in industry for rapid thermal processing 
could be better characterised. To this end, a series o f  wafers from the same boule 
were encapsulated using 500 A  o f  P E C V D  Si3N 4 before being implanted with 6 x  
1012 Si+/cm2 at an energy o f  240 keV. The encapsulation and implantation were  
performed by R. Blunt o f  Plessey Research, Caswell. The samples were then 
distributed to the other members o f the group for annealing, to be returned to a 
central laboratory for measurement. It was decided to use isochronal anneals o f  5 
seconds duration through the temperature range o f 800 to 1000° C  as this had been 
shown to be an area where the electrical results were sensitive to anneal 
temperature 75.
The systems that were used in the comparison were the double graphite strip heater 
(Surrey), the optical furnace (Surrey), an A .G . Associates A .G . 210 T  with a 
thermocouple attached to the silicon support wafer being used for control 
(Plessey), an A .G . 210 T  with a thermocouple attached to an adjacent piece o f
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silicon being used for control and an optical furnace with graphite suscepter with 
thermocouple control (G E C ). Figure 3.11 shows a schematic o f  the furnace layouts 
and indicates the type o f temperature measurement employed.
Figure 3.12 shows a plot o f the sheet resistivity versus anneal temperature for the 
samples annealed in various systems. If  w e consider the samples that were  
irradiated directly with light, that is, the samples annealed in the A .G . 210 T  
systems, the G E C  system and the samples on top o f  the susceptors in the Surrey 
system, a pattern emerges. The curves have a flatter appearance, indicating a 
higher sample temperature during the low  temperature anneals when compared to 
the samples annealed in the graphite strip system. The samples from the enclosed 
optical furnace system (Surrey) show good agreement with the samples annealed 
in the graphite strip heater with only a slight shift in the lower temperature region. 
The Plessey results, although they have a flatter profile than the two Surrey 
systems, show very similar trends as far as shape is concerned. That is to say that 
there is a definite "knee" in the curve in the low  temperature range. It is interesting 
to note that the S T L  results unlike all the other results, do not increase in value at 
the highest temperatures. Comparing the Plessey and S T L  results, which were  
obtained on the identical machines operated in different temperature measurement 
modes, it is intereresting to note that very different results are obtained. Further 
discussion and probable causes for the differences in the results from all these 
systems w ill be offered in the next chapter.
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Figure 3.11 Schematic diagram of the furnace layouts used for the comparison of 
annealing systems.
SURREY
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~ Susceptor 
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Figure 3.12 Variation of sheet resistivity as a function of anneal temperature for 
isochronal anneals of 5 seconds, the samples having been annealed in the systems 
shown previously.
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The following results are devided into two sections? however, both are concerned with 
achieving high electrical activity from donor implants.
3.3.1 Donor Implantation Through SiJV4
In this section, results will be presented addressing the problems associated with 
ion implantation through encapsulating layers of Si3N4. The doses that are of 
particular concern are in the range used for the n+ ohmic contact regions of 
MESFET’s. The dose used is typically about 5 x 1013 ions/cm2,* however 
advantages could be gained if higher doses could be activated for the reasons given 
in section 1.1.
3.3.1.1 Electrical Results 
Selenium Implants
The sheet electrical results given in the table below are for a range of 
samples implanted with 400 keV Se+ to a dose of 1 x 1014 ions/cm2. The 
samples fall into three different preparation categories, these being: -
1) Samples implanted without Si3N4 on the surface, then Si3N4 
deposited, then annealed.
2) Samples deposited with Si3N4, then implanted, then annealed.
3) Samples deposited with Si3N4, then implanted, Si3N4 removed 
in HF, Si3N4 re-deposited, then annealed.
3.3 H ig h  D ose Im p la n t A ctiva tion
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Table 2. Sheet electrical properties follow ing different encapsulation and 
anneal shedules for an implant o f  lx lO 14 Se+/cm2 at 400 keV.
Anneal
T M
(°C/s/s)
Bare Implant 
x  10 13 
(c m 2)
Through 600A
Si3N 4 
x  1013 
(cm-2)
Through 600A Si3N 4 
recapped 600A  
Si3N 4 
x 10 13 
(cm-2)
850/5/100 0.75 0.7 -
900/5/30 1 .1 2 0.96 1.1
950/5/30 1.7 1.25 1.5
975/5/25 3.2 2.6 3
From these results it can be seen that a higher carrier concentration is 
achieved for the samples that have been implanted bare when compared 
with those samples implanted through the nitride. If w e now consider only 
the samples that were implanted through Si3N 4 then it is apparent that 
re-capping prior to the anneal increases the activation achieved for identical 
annealing schedules.
Carrier concentration and mobility profiles follow ing annealing at 950° C  
for 30 seconds for the three types o f  sample are shown in figure 3.13. The 
profiles for the through nitride implants have been corrected for the nitride 
thickness assuming that the ions have a projected range in the nitride
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Figure 3.13 Carrier concentration and mobility profiles for selenium  
implants o f  1 x  1014 ions/cm2 annealed at 950° C  for 30 seconds fo llow ing  
different encapsulation schedules.
Figure 3.14 Carrier concentration and mobility profiles for silicon implants 
o f 1 x  1014 ions/cm2 annealed at 850° C  for 15 minutes fo llow ing different 
encapsulation schedules.
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equivalent to 1.2 o f that which is seen for G aA s 76. Slight differences in the 
lateral spread o f  the selenium exist in the case o f  the through nitride 
implants. The reason for this is the higher energy straggling for the G aA s  
compared to the Si3N 4 resulting in a more abrupt profile. I f  w e compare the 
sample that has not been re-encapsulated prior to annealing with the other 
two samples, a marked reduction in the near surface carrier concentration 
and mobility is seen. This region only exists within about the first 500A  
after which the profiles are in fairly close agreement with each other.
Silicon Implants
It was decided to look at a different ion species to see if the same effect 
occurred for other ions and to assess if the increase in carrier concentration 
could be attributed to encapsulant failure. This may result in the subsequent 
preferential out-diffusion o f one o f the substrate elements. W ere this the 
case, for increased activation o f  selenium there would need to be an 
increase in the arsenic vacancy concentration. Silicon was investigated as, 
being an amphoteric ion, it was hoped that the activation may be sensitive 
to local changes in stoichiometry. In addition to this it occupies the other 
lattice site from selenium for donor activity and as such, should there be an 
increase in the arsenic vacancy concentration near the surface, a reduction 
in the silicon activation may result.
Figure 3.14 shows the carrier concentration and mobility profiles for a 
series o f  samples implanted with 1 x 1014 Si+ /cm2 at an energy o f 200 keV. 
A ll the samples were implanted through 500A  o f P E C V D  Si3N 4. The 
samples were then processed in the follow ing manner:-
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Sample A  Annealed at 850° C  for 15 minutes.
Sample B  Annealed at 635° C  for 5 seconds, annealed at 850° C  for 
15 minutes.
Sample C  Encapsulant removed, new encapsulant deposited at 350° C, 
annealed at 850° C  for 15 minutes.
Sample D  Encapsulant removed, annealed at 635° C  for 5 seconds, new  
encapsulant deposited at 350° C, annealed at 850° C  for 15 
minutes.
This processing schedule was decided upon so that the effect o f  the low  
temperature history o f  the samples could be studied both with and without 
an encapsulant in place. The 635° C  anneal was used to simulate the 
temperature processing that occurs when a pyrolytic nitride is deposited.
Inspection o f the profiles leads to two major features being noted; these are, 
the reduction in the carrier concentration and the mobility o f  samples A  and 
B  compared to the other pair o f  samples. From a comparison o f curves A  
and B  it is apparent that the 635° C  anneal has little effect on the electrical 
activation or mobility profiles when the samples are already encapsulated. 
However, the same 635° C  anneal performed on an uncapped sample 
(sample D )  produces a marked effect on the carrier concentration and 
mobility compared to a sample that has received only low  temperature 
uncapped processing (sample C ).
In summary it can be said that the best electrical results are achieved for 
samples that have been recapped, and, that a low  temperature (635° C ) 
anneal prior to the encapsulant being re-deposited is beneficial.
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3.3.1.2 Rutherford Backscattering Results 
Selenium Implants
Figure 3.15 shows the channelled spectra for two samples implanted with 1 
x  1014 Se+ /cm2 at an energy o f 400keV. Both o f  the samples were annealed 
at 950° C  for 30 seconds. Spectrum A  is for a through nitride implant and 
has a Xmin o f 8% while spectrum B  is for a non-capped implant which was 
encapsulated prior to annealing; this has a ym[n o f  4%. The larger number o f  
counts in the surface peaks on sample A  compared to sample B, is 
consistent with there being a higher degree o f  disorder within the near 
surface region o f  sample A . The region o f higher scattering is consistent 
with the damage being contained within the first few  hundred angstroms o f  
the surface. The higher degree o f dechannelling seen in sample A  is 
consistent with scattering in the near surface region therefore reducing the 
beam collimation deeper into the sample.
Silicon Implants
A s  implanted samples were examined by R BS  to investigate the degree o f  
damage for implants o f 5 x  1014 and 1 x 1014 Si+/cm2. Both o f the implants 
were performed at 200 k eV  through 500A o f S i3N 4. The S i3N 4 was then 
removed in H F  prior to examination. Figure 3.16 shows the as-implanted 
channelled spectra for the two samples. A lso  shown is a random spectrum 
for comparison. Comparing the two implanted samples with the random
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Figure 3.15 R B S  channelled spectra for selenium implanted samples 
follow ing annealing at 950° C  for 30 seconds.
Figure 3.16 Random and channelled R BS  spectra for the as-implanted 
silicon samples.
Figure 3.17 R B S  channelled spectra for samples B  and D , processed as 
discribed in section 3.3.1.
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spectra it can be seen that neither o f  the doses is sufficient to produce an 
amorphous layer. The samples investigated had a xmin being 78% and 14%  
for the doses o f  5 x  1014 and 1 x  1014 ions/cm2 respectively.
Figure 3.17 shows the channelled spectra for samples B  and D  as described 
in section 3.3.1. There is no difference in the spectra at the surface, with 
both samples having a Xmin o f  about 4%. There is however a marginal 
difference in the dechannelling in sample D , but this is probably due to a 
very slight difference in the crystal to beam alignment compared to sample
B.
3.3.2 High Dose Silicon plus Phosphorus Implants
In this section, results obtained from annealing studies o f  co-implants o f  silicon 
and phosphorus w ill be presented. Overlapping atomic profiles were generated by 
implanting the silicon and phosphorus at the same energy, which, due to thcur 
similar masses gave similar projected ranges. The doses that were studied were 5 x  
1013 and 1 x  1014 ions/cm2 at an energy o f 200 keV  for both ions. For comparitive 
purposes, single implants o f  Si+ were performed at the same dose and energy; these 
were then annealed with the co-implanted samples.
3.3.2.1 Electrical Results
Figure 3.18 shows the variation o f the sheet carrier concentration with inverse 
annealing temperature for furnace anneals o f  15 minutes duration. The range o f  
temperatures over which the anneals were performed was 750 to 950° C. If w e
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at first consider the silicon only implant then, both doses are seen to give  
similar results for any given anneal temperature, with the slope o f  the line 
giving an activation energy o f  1.02 eV . The maximum sheet carrier concentra­
tion achieved was 3.6 x  1013 electrons/cm2 for both doses used which occurred 
follow ing the 950° C  anneal, the highest temperature used.
If  w e  now consider the silicon plus phosphorus results, the most noticeable 
feature is that both sets o f  samples reach a saturation value. The saturation 
value is higher for the larger dose, and requires a higher anneal temperature to 
be reached. Further to this, the sheet carrier concentration obtained for the 
lower dose o f  5 x  1013 Si++P +/cm2 reduces follow ing annealing above 875° C. 
Again, as with the silicon only implants, the activation energy is the same for 
both doses, 1.45 eV , a higher value than that obtained for the single implant. 
From the slope o f the fall o ff  in activation w e  can obtain a de-activation energy 
o f 2.4 eV . The maximum sheet carrier concentration obtained for the low  and 
high dose silicon plus phosphorus implanted samples was 3.8 x  1013 and 6.2 x  
1013 electrons/cm2 fo llow ing annealing at 850 and 950° C  respectiviy.
The variation o f sheet resistivity as a function o f annealing temperature is 
shown in figure 3.19 for the four sets o f  samples. The samples implanted with 1 
x 1014 Si+, 5 x  1013 Si+ and 1 x  1014 Si++P+/cm2 all show a reduction in sheet 
resistivity with increasing anneal temperature, producing minimum values o f  
90, 76 and 42 ohms/[] respectively. The 5 x  1013 Si++P+/cm2 implant however, 
passes through a minimum value o f  resistivity at an anneal temperature o f  875° 
C  before rising in value with increasing anneal temperature. The minimum
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Figure 3.18 Variation o f  sheet carrier concentration with inverse annealing 
temperature for samples implanted with silicon and silicon plus phosphorus, 
furnace annealed for 15 minutes.
Figure 3.19 Variation o f  sheet resistivity with annealing temperature for 
samples implanted with silicon and silicon plus phosphorus, furnace annealed 
for 15 minutes.
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value o f  resistivity obtained for this implant was 60 ohms/[] which is a lower 
value than obtained for either o f  the silicon implants regardless o f annealing 
temperature.
3 A  Low  Dose Silicon Implant Profile Control
This section o f the results chapter deals with the modification o f  low  dose silicon 
implant profiles by co-implantation o f  a second ion. Initially results are presented 
using isoelectronic phosphorus to promote damage in the substrate prior to dopant 
implantation. Follow ing this, deep implants o f  P-type dopants (carbon) are studied. 
Finally, isoelectronic boron is used to modify the activation o f  the silicon in specific 
areas o f  the profile.
3A.1 Silicon + Phosphorus Co-implantation
In the preceeding section, silicon and phosphorus implants o f the same dose were  
used to obtain high carrier concentration material. In this section, results are 
presented on the use o f  phosphorus as a "damaging ion" to control low  dose silicon 
implant profiles. Pre-amorphisation requires high doses o f  an isoelectronic ion to 
be implanted prior to the dopant ion, therefore, the doses o f  phosphorus described 
in this section tend to be o f  a greater level than the doses o f  the silicon implant.
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In this section, computer simulations obtained using the software pakage 
S U S P R E 77 w ill be presented for the implants used throughout the fo llow ing  
sections. S U S P R E  enables both the atomic distribution o f  the implanted ion 
and the damage distribution resulting from the implanted ion to be predicted 
using fast Monte Carlo codes. A s  the implants were all performed through a 
500A thick Si3N 4 capping layer, this should have been included in the 
calculations. However, as the layers exact composition and hence stopping 
power were not known, and as the calculation was simplified (S U S P R E  does 
not work with multi-layer targets), it was ignored. Furthermore, as the 
requirement was for a relative solution (the position o f one ion with respect to 
another) this simplification is justified.
Figures 3.20 and 3.21 show the predicted atomic and damage distributions for 
the phosphorus implant dose range 6 x l0 12 to lx lO 15 P+/cm2 at an energy o f  
200keV. The diagrams also show the atomic distribution for an implant o f  
6 x l0 12 Si+/cm2 at the same energy. The atomic distributions show the range o f  
the phosphorus to be less than that o f the silicon as would be expected because 
o f the higher mass. The doping concentration o f the phosphorus increases from  
approximately 2x l 017/cm3 for the lowest dose implant, to a level o f  5 x l0 19/cm3 
for the highest dose used. The damage produced by the phosphorus implanted 
at this energy has a maximum value at a depth o f approximately 1000A , and is 
totally contained within the first 4000A o f the substrate. W ith the damage 
contained within a surface layer o f  this depth, the tail o f  the silicon profile is 
beyond that o f  the damage region and the de-channelling efficiency is therefore 
likely to be reduced. Increasing the energy o f the phosphorus implant in steps
3.4.1.1 Implant Simulations
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Figure 330 SUSPRE computer simulation of atomic distribution of silicon and
phosphorus fo llow ing implantation.
S>200k«Ve.t2ca|.I 
» P20CM<«V6«12cm-2 
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Depth - angstroms
Figure 3.21 S U S P R E  computer simulation o f  damage distribution resulting 
from phosphorus implantation relative to silicon atomic distribution.
Depth - angstroms
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Figure 322 SUSPRE computer simulation of atomic distribution of silicon and
phosphorus fo llow ing implantation.
Sl 2O0H.V 6.12cm-3 
2 P 2QOkcV 3ct3cm 2 
* P 300H«V 3*13cm-2 
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Figure 323 S U S P R E  computer simulation o f  damage distribution resulting 
from phosphorus implantation relative to silicon atomic distribution.
Depth - angstroms
72
Figure 3/24 SUSPRE computer simulation of atomic distribution of silicon and
phosphorus fo llow ing implantation.
SI200fc*V€«l2cm-2 
f P400k«V1»l4cnv2 
0 P SOOkeV 1«14cm-2
Depth - angstroms
Figure 325 S U S P R E  computer simulation o f  damage distribution resulting 
from phosphorus implantation relative to silicon atomic distribution.
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o f 100 keV  from 200 keV  to 500 keV  with the dose fixed at 3 x l0 13 P+/cm2 
results in the profiles shown in figures 3.22 and 3.23. The atomic distribution 
o f the phosphorus moves from a depth not sufficient to encompass the silicon, 
to a depth beyond that where the silicon rests. A t the highest energy, the silicon 
doping concentration is greater than that o f the phosphorus until a depth o f  
1500A. The damage profiles resulting from the phosphorus implants show the 
400 keV  and 500 k eV  implants produce significant damage levels beyond the 
tail o f  the silicon profile with the damage level reducing as the energy o f the 
implant is increased. Increasing the implant dose to Ix lO 14 P +/cm2 (figures 3.24 
and 3.25) for the two higher energy implants results in the damage and doping 
levels being increased. A t this implant dose the resulting doping and damage is 
o f similar magnitude to that for the 200 keV  3 x l0 13 P +/cm2 implant but at a 
greater depth.
3.4.1.2 S IM S  Results
Figure 3.26 shows the atomic distribution o f silicon and phosphorus for the 
samples implanted with 3 x l0 13 P+/cm2 at energies o f  200, 300 and 400 keV. The  
samples were annealed for 15 minutes at 850° C  prior to measurement. The 
general trend observed in the silicon profiles is that they become more abrupt 
as the energy o f  the phosphorus is increased. However, comparing the samples 
implanted with 300 keV  and 400 keV  phosphorus, the higher energy sample 
has a broader silicon profile to a depth o f 4000A. Beyond this depth the two 
silicon profiles cross over. The comparison o f furnace and R T A  annealed 
samples is shown in figure 3.27 for the highest energy and dose o f  phosphorus
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Figure 3.26 Atom ic distribution o f  silicon and phosphorus as measured by  
S IM S  follow ing furnace anneals at 850° C  for 15 minutes.
Figure 327  Comparison o f  the atomic distribution o f  silicon fo llow ing rapid 
thermal annealing and furnace annealing for samples implanted with phospho­
rus at an energy o f  500keV.
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used. The furnace annealed sample (850°C  for 15 minutes) shows a broader 
silicon profile when compared to the R T A  annealed sample (950°C  for 10 
seconds) probably as a result o f  diffusion during the longer anneal.
3.4 J.3 Electrical Results 
Silicon Implants
Prior to dealing with co-implantation it was nescessary to characterise the 
silicon implant that was to be used. In order to do this a detailed study o f the 
annealing behavior was undertaken for the chosen implant. The implant 
used was 200 k eV  6 x l0 12 Si+ /cm2 performed through 500A o f P E C V D  
Si3N 4, which is typical o f  that which is used in the channel region o f  
commercial M E S F E T s78. Figure 3.28 shows the sheet carrier concentration 
as a function o f  temperature and time for anneals performed on the D G S H . 
The features that are apparent are that the electrical activity saturates at all 
the temperatures exept at 950° C. A t this temperature the activity starts to 
decline with increasing time. Neglecting this anneal temperature, the value 
at which the activation saturates is seen to increase with temperature, while  
the time taken to reach the saturation value decreases with increasing 
temperature. The saturation values are plotted in figure 3.29 against the 
inverse anneal temperature. A ll the saturation values fall on a straight line 
with the exeption o f the value used for the 950° C  anneal. This value, which  
was the peak value achieved, is below  that expected. The reason for this is 
that the implant has, if w e  consider the surface depletion, become fully 
active. The slope o f  the graph produces an activation energy o f 0.54 eV .
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Figure 328 Sheet carrier concentration as a function o f  anneal time and 
temperature for a 6 x  1012 S i+/cm2 implant.
Figure 329 Saturation values o f  above plotted against inverse anneal 
temperature.
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In order to confirm that phosphorus was isoelectronic and to assertain any 
effect o f  a phosphorus implant on the properties o f  the G aAs substrate, a 
sample was implanted with a single implant o f  phosphorus at an energy o f  
180 keV  to a dose o f 6x l 013 ions/cm2 through a 500A encapsulent. 
Follow ing annealing at 850° C  under the 500A Si3N 4 encapsulent, Hall and 
strip measurements were performed at intervals o f  lOOOA. Figure 3.30 
shows the resistivity measured as a function o f depth through the phospho­
rus implant profile. A s  can be seen, the initial value o f  sheet resistivity (R 8)  
has fallen to 2.4x10s ohms/square from a value o f  7.8x109 ohms/square 
recorded for the as received substrate. Follow ing the removal o f  the first 
1000A , the value o f  Rs is 7 .42xl09 ohms/square which is comparable to that 
for the as received substrate. Further etch steps all yield values o f  the same 
order until the end o f the phosphorus implant profile.
Silicon + Phosphorus Implants
Adjacent substrates from the same boule were used to create a series o f  
samples implanted with a range o f doses o f  phosphorus. The phosphorus 
dose was varied from 6x1012 to l x l 0 15 ions/cm2 with an energy o f  200 keV. 
Following the phosphorous implantation the samples were implanted with 
6x l 012 S i+/cm2 at the same energy. T w o  anneal schedules were chosen, 850° 
C  for 15 minutes and 950° C  for 10 seconds, to assess differences in the 
behaviour for furnace and R T A  anneals. Figure 3.31 shows the variation o f  
sheet carrier concentration against phosphorus dose for the two anneals. A s  
can be seen from the curves, the activation is increased by the addition o f
Phosphorus Implants
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Figure 3.30 Predicted atomic phosphorus distibution plotted as a function 
o f depth with measured values o f  sheet resistivity obtained by Hall and strip 
measurement.
Figure 3.31 Sheet carrier concentration versus phosphorus co-implant dose 
follow ing furnace and rapid thermal annealing.
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the phosphorus for both anneals. However as the phosphorus dose is 
increased beyond a critical point the activity starts to fall off. This critical 
point is at two differing values depending on the anneal chosen, with the 
R T A  requiring a lower dose (6 x l0 12 P +/cm2)  compared to the furnace anneal 
(3 x l0 13 ,P +/cm2). The samples at the highest phosphorus doses investigated 
(7 x l0 14 and Ix lO 15 ions/cm2)  were found to yield unreliable results. It was 
felt that this was due to contact problems caused by the low  values o f  
carrier concentration achieved in the near surface region (see section 3.3.1).
To investigate further the difference in the required optimum phosphorus 
dose, the annealing behaviour o f  the 6 x l0 12 and 3 x l0 13 P+/cm2 implanted 
samples was studied as a function o f  time and temperature, in the same way  
as had previously been done for the silicon only implants. Figure 3.32 
shows the sheet carrier concentration verses time for a range o f tempera­
tures between 700 and 950° C  for samples implanted with and without 
phosphorus. The trend that is seen in the results can be best analysed if the 
results for the 800° C  anneals are considered. Increasing the phosphorus 
dose is seen to increase the slope o f  the activation with time. A s  the anneal 
temperature is increased, the difference in the slopes becomes less dramatic 
with the time required for the phosphorus samples activity to exceed that o f  
the plain silicon implant becoming less. There is no curve shown for the 
higher dose anneals at 700° C  as the samples’ activity was too low  for 
reliable measurement.
The carrier concentration and mobility profiles shown in figure 3.33 
demonstrate the effect o f  the variation o f the phosphorous dose on the 
electrical activity versus depth for the 850° C  furnace anneal. Inspection o f
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Figure 332 Sheet carrier concentration as a function o f  anneal time and 
temperature for a silicon implant plus two co-implants o f  phosphorus at 200 
keV.
Figure 333 Carrier concentration and mobility profiles fo llow ing furnace 
annealing for 200 k eV  phosphorus co-implants.
Donor implant 6 *  1012 cm-2 SfaOO keV
PHOSPHORUS nnsF 
6x1012 cm"2 
3 *1013 cm-2
0.3 
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the carrier profiles shows they become sharper as the phosphorus dose is 
increased up to the maximum value o f 5x1014 ions/cm2. The peak carrier 
concentration however, reaches a maximum value for a phosphorus dose o f  
3 x l0 13 ions/cm2 and then starts to decrease with increasing dose. The profile 
for the highest phosphorus dose (5 x l0 14 P+/cm2)  shows a marked reduction 
in the carriers in the near surface region when compared to the lower dose 
implants. The mobility profiles indicate that as the phosphorus dose is 
increased the mobility in general decreases. However, for the dose o f  
phosphorus that produces the maximum electrical activity (3 x l0 13 ions/cm2)  
the mobility is higher than that seen for the 6x l 012 ions/cm2 dose o f  
phosphorus. It should also be noted that as the electrical activity increases, 
the ionised impurity scattering w ill also increase thus reducing the mobility 
for the more active implant.
The carrier concentration and mobility profiles shown in figure 3.34 
illustrate the effect o f  phosphorus dose variation on samples that were 
annealed at 950° C  for 5 seconds. The same trend is seen as was noted for 
the furnace annealed samples investigated previously. That is, as the 
phosphorus dose is increased the profiles become more abrupt and beyond a 
dose o f  lx lO 14 P +/cm2 severe reduction in carrier concentration in the near 
surface results.
A s  the damage from the phosphorus implant was being used to prevent 
channelling, by increasing the energy o f the phosphorus implant to 500 keV  
the peak o f  the damage distribution for the phosphorus dose could be 
centred in the tail region o f the 200 keV  silicon implant. Figure 3.35 shows 
the carrier concentration profiles, measured using the C -V  technique for
82
Figure 3.34 Carrier concentration and mobility profiles following rapid
thermal annealing for the 200 keV phosphorus co-implants.
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Figure 3.35 Carrier concentration profiles measured by C -V  as a function 
o f phosphorus implant energy for a dose o f  3 x  1013 P +/cm2.
Depth (um)
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five co-implanted samples fo llow ing annealing at 850° C  for 15 minutes. 
The samples were implanted with 3 x l0 13 P+/cm2 where the energy o f  the 
phosphorus implant was increased from 200 keV  to 500 keV  prior to 
implantation with 6 x l0 12 Si+/cm2 at an energy o f 200 keV . It is apparent that 
increasing the phosphorus implant energy produces a progressive sharpen­
ing o f  the dopant profile. For the 500 keV  implanted sample however, the 
dopant profile extends beyond that seen for the 400 keV  sample, futher- 
more, there is a reduction in the peak electrical activation for this sample.
Samples implanted with 500 k eV  were also investigated using stripping 
Hail effect measurement. The doses chosen for investigation were 3x1013 
and l x l 0 14 ions/cm2. These doses produced values o f  phosphorus at the 
projected range o f the silicon that were o f similar magnitude to the 
concentrations observed for the 6 x l0 12 and 3 x l0 13 P+/cm2 at the energy o f  
200 keV, while maintaining moderate values o f damage in the surface 
region. Figure 3.36 shows the carrier concentration and mobility profiles 
follow ing annealing at 850°C for 15 minutes. The carrier profile for the 
lower dose phosphorus implant has a lower activation in the peak o f the 
implant profile with the profile extending further into the substrate than for 
the higher dose o f  phosphorus. Follow ing an R T A  at 950° C  for 5 seconds 
however, the carrier profile (figure 3.36) for the lower dose o f  phosphorus 
has the higher activity in the peak region. The tail o f  the implant for the 
higher dose o f  phosphorus is again considerably more abrupt than for the 
lower dose; however, the activity in the near surface is greatly reduced. The 
mobility for the low  dose is also considerably better than for the high dose 
implant most notably in the tail region o f the implant.
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A  further set o f  samples were produced to investigate the importance o f the 
implantation order o f  ions, it being felt that the phosphorus/damage may be 
promoting diffusion o f  the silicon. Four different samples were produced at 
the slightly higher dose o f Ix lO 13 Si+/cm2 at an energy o f 160 keV. The 
phosphorus dose was maintained at 3 x l0 13 ions/cm2 at an energy o f 200 
keV, putting the implant peak o f the phosphorus slightly beyond that o f  the 
silicon. The samples were processed as follows with all anneals being 
performed at 850° C  for 15 minutes:-
Sample A )  P+ implant, Si+ implant, anneal.
Sample B ) Si+ implant, P + implant, anneal.
Sample C ) P+ implant, anneal, S i+ implant, anneal.
Sample D ) S i+ implant, anneal, P + implant, anneal.
Following processing the sheet resistivities o f  the samples were measured 
and found to be:-
Sample A )  223 ohms/square.
Sample B ) 218 ohms/square.
Sample C ) 208 ohms/square.
Sample D ) 215 ohms/square.
Sample D  was also measured prior to the phosphorus implant and was 
found to yield a sheet resistivity o f 222 ohms/square follow ing annealing 
which is somewhat higher than the value obtained follow ing the phosphorus 
implant and second anneal.
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Figure 3.36 Carrier concentration and mobility profiles for the 500 keV
co-implanted samples following furnace and rapid thermal annealing.
Figure 3.37 Carrier profiles obtained by C -V  measurement. Samples were  
processed as detailed in section 3.4.I.3.
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The carrier concentration profiles are shown in figure 3.37 as measured 
using the C -V  technique. Initial inspection o f the profiles illustrates the 
importance o f  the order o f  implantation and annealing. Sample A  has a far 
more abrupt profile than any o f  the other three samples; this sample is also 
seen to have the highest peak carrier concentration. On closer inspection 
marginal differences exist between the other profiles within the first 3000A, 
these being, the peak carrier concentration o f sample B  is slightly greater 
than sample D  which in turn is slightly greater than sample C. Slight 
differences are also seen in the profile broadness within the first 2500A, 
with sample D  being the least broad, followed by sample B  and then sample
C. Greater noticable differences exist beyond 3500A, with samples B  and C  
changing trends. That is to say that, the carrier profile for sample B  extends 
further into the substrate than that o f  sample C, with sample D  being the 
most abrupt, provided sample A  is neglected.
3.4.1.4 Rutherford Backscattering Results
The damage introduced by the implantation o f phosphorus was studied using 
RBS. This was done to assertain the required dose needed to fully amorphise 
the G aA s and to check the validity o f  the S U S PR E  simulations. Increasing the 
dose beyond this point would only increase the phosphorus atomic concentra­
tion and not the lattice damage. To  this end, as implanted samples were  
analysed follow ing encapsulant removal. Figure 3.38 shows the resulting 
channelled spectra for doses o f  phosphorus between 6 x l0 12 and Ix lO 15 ions/cm2 
implanted through the Si3N 4 encapsulent. U p  to doses o f  Ix lO 14 P +/cm2 the
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Figure 3.38 Dose dependence o f  R B S  channealled spectra fo llow ing implantat­
ion with phosphorus at 200 keV.
Phosphorus Dose ’(cm"2)
— x _x -7^ 014 — o— o-1x1015
 -1 x #   H—  + - 5 x #
 6x101 2 ---------------jx1013
Channel Number
88
dechannelling observed is minimal; beyond this dose however, the dechannel­
ling increases rapidly. Only at the highest dose o f  lx lO 15 P +/cm2 is an 
amorphous layer created in the substrate. Follow ing annealing, the samples
were analysed and all showed similar levels o f  regrowth, having Xmm o f  
e
approximaUy 5%.
3.4.2 Silicon + Carbon Co-implantation
In this section, results on the electrical activation o f carbon implants are presented. 
Following this, the effect o f co-implantation o f carbon with silicon is investigated.
3.4.2.1 Implant Simulations
Figures 3.39 and 3.40 show the atomic profiles predicted by S U S PR E  for the 
implants studied in this section. Common to both sets o f  profiles is the 
positioning o f  the carbon peak at a depth greater than that o f  the silicon peak 
concentration. Increasing the implanted carbon dose obviously increases the 
volume concentration at any given depth. Again, no account has been made for 
the 500A capping layer through which the implant was performed.
34.2.2 SIMS Results
Carbon and silicon concentration profiles were obtained using S IM S  before and 
after furnace annealing at 850° C. The atomic concentration profiles obtained 
are shown in figure 3.41. The silicon profile remains unchanged follow ing the 
anneal; however, the carbon profile has shifted during annealing. The resulting
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Figure 3.39 Silicon and carbon atomic profiles as predicted by S U S P R E  for 
the 200 keV  implants.
Depth - angstroms
Figure 3.40 Silicon and carbon atomic profiles as predicted by S U S P R E  for 
the 400 keV  implants.
Depth - angstroms
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Figure 3.41 Atomic distribution of silicon and carbon as measured by SIMS 
before and after furnace annealing at 850° C for 15 minutes.
Depth (um)
carbon profile has a higher level in the surface region with a reduced peak 
height compared to the un-annealed sample. This would be consistant with 
carbon diffusion occurring towards the surface during the anneal as no 
differences are seen in the tails o f the profiles. The concentration o f carbon 
observed in the profiles is also lower than that which would be expected from  
the results o f  the implant simulation. Possible reasons for this w ill be discussed 
in the next chapter.
3.4.23 Electrical Results
In this section, the electrical results obtained on both single implants o f  carbon 
and the influence o f carbon implants on silicon donor behaviour are presented.
Carbon Implants
To better understand the role o f  carbon on the modification o f the silicon 
implant profile, single implants o f  carbon were investigated. A  lower 
energy o f  100 k eV  was used for this study as this gave a profile that was not 
fully buried, as was the case for the 200 keV  implant later used for the 
silicon profile modification. This reduced problems associated with contact­
ing to a buried layer. The doses o f  carbon that were implanted were 6 x l0 12 
and 3 x l0 13 C +/cm2, these doses produced atomic concentrations somewhat 
higher than those used in the co-implant experiments (see follow ing  
section). The reason for the increase in the dose becomes apparent when w e  
consider the results which show that the level o f  activation o f the carbon is 
very low. Operating below  these doses produces problems with electrical 
measurements.
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Figure 3.42 shows the variation o f the sheet carrier concentration, sheet 
resistivity and sheet mobility versus anneal temperature for the two implant 
doses used. I f  w e  first consider the higher dose o f  3 x l0 13 O /cm 2, the 
electrical activity is seen to increase progressively from a value o f  3%  for 
an anneal at 750° C, to a value o f  20% for an anneal at 975° C. The sheet 
mobility falls from a value o f 308 cm2/V.s for the 750° C  anneal to level o ff  
at a value o f  approximately 290 cm2/V.s for temperatures above 900° C. 
The sheet resistivity also drops from 16000 ohms/square to around 4000 
ohms/square over the temperature range studied. For the lower dose o f  
6 x l0 12 O /cm 2, the activity for the 750° C  15 minute anneal was measured as 
being 1.2x10“ holes/cm2 which gives a percentage activation o f  2%. The 
sheet resistivity and sheet mobility were recorded on several samples and 
consistantly gave values o f around 400xl03 ohms/square and 130 cm2/V.s 
respectively. The carrier concentration increased with increasing anneal 
temperature to yield a percentage activation o f 43% at 900° C, a higher 
figure than that found for the 3 x l0 13 O/cm 2 implant dose, with the sheet 
resistivity and mobility being 7000 ohms/square and 325 cm2/V.s respec­
tively. Increasing the anneal temperature still further produced no increase 
in the sheet carrier concentration or the sheet resistivity. There was however 
a reduction in the sheet mobility from the value o f  325 cm2/V.s seen at 900° 
C  to approximafiy 300 cm2/V.s for the 975° C  anneal.
Silicon + Carbon Implants
The variation o f the sheet resistivity, mobility and carrier concentration as a 
function o f carbon co-implant dose are shown in figure 3.43 for a silicon 
implant o f  6 x l0 12 ions/cm2. The samples were furnace annealed for 15
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Figure 3.42 Sheet carrier concentration, mobility and resistivity as a 
function o f  anneal temperature for 100 keV  carbon implants o f  dose 3 x  1013 
( [ ] )  and 6 x  IO12 ions/cm2 (O ).
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Figure 3.43 Sheet carrier concentration, mobility and resistivity as a 
function o f  annealing temperature illustrating the effect o f  the carbon dose 
variation. . Carbon Dose x 1012/cm2
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minutes in the temperature range 750° C  to 850° C. I f  w e  first consider the 
750° C  anneal, the trend is that as the carbon dose is increased, the mobility 
falls as the resistivity rises. Similar trends are observed as the anneal 
temperature is increased. I f  w e  consider the effect o f  increasing the anneal 
temperature on the samples by comparing samples o f  the same implant 
dose, for the plain silicon implant, the sheet resistivity decreases progressiv- 
ly as the mobility and carrier concentration increases. A s  the carbon dose is 
increased, the change in carrier concentration with increasing temperature 
becomes less significant, until, at the highest dose o f  6x l 012 O/cm 2 the 
change observed in sheet carrier concentration for anneals o f  750° C  to 850° 
C  is only O .lx lO 12 holes/cm2. The mobility increase for the highest dose o f  
carbon is however significant over this temperature range, improving from a 
value o f  3 .25xl03 cm2/V.s for the 750° C  anneal, to a value o f  3 .75xl03 
cm2/V.s for the 850° C  anneal. This value is still lower than that observed 
for the single implant o f  silicon follow ing the same anneal.
Figure 3.44 to 3.47 show the carrrier concentration profiles as measured 
using the Polaron profiler for the co-implanted samples that were furnace 
annealed for 15 minutes in the temperature range 750 to 850° C. Figure 3.44 
is for just the 6x l 012 Si+/cm2 implant through 500A o f  Si3N 4. The general 
trend seen is that, as the temperature o f  the anneal is increased, the carrier 
concentration increases throughout the profile. This would result in an 
increase in sheet carrier concentration as has been seen previously in section 
3.4.1. I f  w e  now  consider the samples implanted lx lO 12 O/cm 2 (figure3.45), 
the increase in the peak carrier concentration is less pronounced for the 
lower anneal temperatures. Increasing the carbon dose to 3 x l0 12 ions/cm2
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Figure 3.44 Variation in carrier concentration profile as a function of
anneal temperature for a 15 minute furnace anneal.
Figure 3.45 Variation in carrier concentration profile as a function o f  
anneal temperature for a 15 minute furnace anneal.
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Figure 3.46 Variation in carrier concentration profile as a function of
anneal temperature for a 15 minute furnace anneal.
Figure 3.47 Variation in carrier concentration profile as a function o f  
anneal temperature for a 15 minute furnace anneal.
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(see figure 3.46) reduces the spread in values still further with a more 
progressive activation in the tail region. I f  w e consider the highest dose 
used, 6 x l0 12 O/cm 2 (figure 3.47), it is apparent that there is no difference 
seen in the activation in the peak, and only a marginal difference in the tail 
region for the increase in anneal temperature.
The effect o f  the variation o f the carbon implant dose on the silicon carrier 
concentration profile is shown in figures 3.48 to 3.50. Figure 3.48 is for an 
anneal o f  750° C  for 15 minutes. A s  the carbon dose is increased, a higher 
electrical activation in the peak carrier concentration is seen, with a marked 
reduction in the profile depth. Figure 3.49 shows the same implants 
annealed at 800° C  for 15 minutes. A t this anneal temperature, all the 
samples have a similar peak carrier concentration but the profile shapes 
become more abrupt with increasing carbon dose. A t  the highest furnace 
anneal temperature o f 850° C  (figure 3.50), the peak carrier concentration in 
the sample without a carbon implant is the highest. A s  the amount o f  carbon 
is increased, the peak carrier concentration reduces. The overall profile 
shape however shows a considerable reduction in the profile tail with 
increasing carbon concentration.
The influence o f  increased carbon implant dose on the profile shape 
follow ing rapid thermal annealing is shown in figure 3.51. For an anneal o f  
950° C  for 10 seconds the profiles show similar trends to the 850° C  furnace 
anneals. That is, as the carbon dose is increased the peak carrier concentra­
tion is reduced as is the profile tail. It is however worth noting that the peak 
carrier concentration for the lowest dose o f carbon is above that seen for the 
sample without carbon.
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Figure 3.48 Influence of carbon implant dose on the carrier concentration
profile following furnace annealing.
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Figure 3.49 Influence o f  carbon implant dose on the carrier concentration 
profile fo llow ing furnace annealing.
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Figure 330 Influence of carbon implant dose on the carrier concentration
profile following furnace annealing.
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Figure 331 Influence o f  carbon implant dose on the carrier concentration 
profile fo llow ing rapid thermal annealing.
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A  further series o f carbon co-implanted samples were fabricated using 400 
keV silicon and carbon implants. The dose o f the silicon was maintained at 
5xl012 ions/cm2 while the carbon dose was varied between 5xlOu and 5xl012 
ions/cm2. The carrier concentration profiles obtained from C -V  measure­
ment following annealing at 850° C  for 15 minutes are shown in figure 
3.52. As the carbon dose is increased, the carrier concentration profile 
becomes more abrupt with the peak carrier concentration reducing as was 
seen previously for the 200 keV implants.
The implantation order o f the species was also studied for the highest dose 
of carbon implant, as had previously been done for the phosphorus samples. 
Four samples were produced as follows, with all the implants being 
performed at 400 keV and doses maintained at 5x1012 ions/cm2. A ll the 
anneals were at 850°C for 15 minutes duration.
Sample A )  C+ implant, Si+ implant, anneal.
Sample B ) Si+ implant, C+ implant, anneal.
Sample C ) C+ implant, anneal, Si+ implant, anneal.
Sample D ) Si+ implant, anneal, C + implant, anneal.
Following processing the sheet resistivities o f the samples were measured 
and were found to yield the following results
Sample A )  585 ohms/square
Sample B ) 588 ohms/square
Sample C ) 14417 ohms/square following first anneal.
638 ohms/square following second anneal.
102
Figure 332  Influence of carbon implant dose on the carrier concentration
profile following furnace annealing.(Carbon implant energy was 400 keV )
Figure 333 Carrier concentration profiles as measured by C -V  for samples 
processed as detailed in section 3.4.2.3.
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783 ohms/square following second anneal.
The carrier concentration profiles obtained by C -V  measurement are shown 
in figure 3.53. Samples A  and B have the same carrier profiles with the 
peak carrier concentration being higher than that seen for the other two 
samples. Sample C  is marginally broader than the other samples within the 
mid 1016 electrons/cm3 region, with only a slight reduction in the peak 
carrier concentration compared to samples A  and B. Sample D  however 
shows less activity throughout the whole of the profile, with the most 
marked reduction being in the 3000 to 4000A region.
3.4.3 Silicon +  Boron Co-implantation
Samples implanted with boron at an energy of 200 keV at doses o f 6xl012 and 
3xl013 ions/cm2 were subsequently implanted with 6xl012 Si+/cm2 at the same 
energy. A  set o f control samples was also produced with only the silicon implant. 
A ll the implants were performed through 500A of Si3N 4 at room temperature in a 
non-channeling direction. Following implantation the samples were furnace 
annealed for 15 minutes.
3.4.3.1 Implant Simulations
Figure 3.54 shows the predicted atomic distribution for the boron and silicon 
implants studied in this section. As with all the simulation results, no account 
o f the presence o f the Si3N 4 encapsulant through which the implant was
Sample D) 305 ohms/square following first anneal.
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Figure 334 Atomic distributions o f silicon and boron as predicted by SU S ­
PRE. Implant energy was 200 keV.
*• SI 200k«V 6*12cm-2
Depth - angstroms
Figure335 Atomic distribution o f silicon and boron as measured by SIM S for 
samples before and after furnace annealing.
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performed has been made; so a 400A shift in depth scale is required.
3.4.3.2 SIMS Results
The SIM S results shown in figure 3.55 are for the highest implant dose of 
boron used (3 x l013 B +/cm2). Only this dose was studied as the high background 
levels observed gave poor resolution on the lower dose samples. The as-im- 
planted sample shows the same silicon and boron profiles as the annealed 
sample. This indicates that there is no diffusion taking place during the anneal. 
It is assumed that this is also the case for the lower dose samples.
3.4.3.3 Electrical Results
Figure 3.56 shows the variation o f the sheet carrier concentration, mobility and 
resistivity for anneal temperatures o f between 650° C  and 925° C. The silicon 
only implant shows better electrical properties for the lower anneal tempera­
tures compared to the other samples. As the anneal temperature is increased 
however, the samples implanted with 6xl012 B++Si+/cm2 show improvements in 
carrier concentration, mobility and resistivity when compared with the single 
implant. The samples implanted with the 3x1013 B +/cm2 show, for all anneal 
temperatures, lower values o f electrical activation than the other two sets o f 
samples. Also, whereas the silicon only implant shows a peak in its sheet 
carrier concentration at a temperature of 875° C, there is no apparent peak for 
the boron implanted samples.
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Figure 336 Sheet carrier concentration, resistivity and mobility as a function 
o f anneal temperature following 15 minute furnace anneals for samples 
co-implanted with boron.
0 Si 200keV 6e12cm-2 
t B 200keV 6e12cm-2 
x B 200keV 3e13cm-2
co
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The sheet carrier concentration is plotted as a function o f inverse annealing 
temperature in figure 3.57 for the three sets o f samples. The silicon only 
implanted samples are seen to fall along a line for anneal temperatures o f 
between 650° C  and 875° C. Beyound this anneal temperature the activity starts 
to reduce. The slope o f this line gives an activation energy o f 0.54eV, which is 
in good agreement with that found previously. If we now consider the low dose 
boron implanted samples, the points appear to fall along two different slopes. 
For anneal temperatures between 650° C  and 775° C  the slope gives an 
activation energy o f 0.63eV; following the break point at 775° C  the slope 
changes to approximatly 0.5eV. Finally if we consider the samples implanted 
with 3xl013 BVcm2, the initial slope is at a higher energy o f le V  for 
temperatures between 650° C  and 875° Q  increasing the temperature further 
again yields an energy o f approximatly 0.5eV.
The effect o f the boron implant on the carrier profile shape is shown in figures 
3.58 and 3.59 for annealing temperatures of 875° C  and 925° C  respectively. 
For the lower temperature anneal, similer profiles are observed for the 6xl012 
B +/cm2 implant and the silicon only implant. The boron implanted sample 
shows marginally higher activity in the peak region, with the tail o f the profile 
extending further into the substrate. The sample implanted with the higher dose 
o f boron however shows considerably lower activity in the peak region with a 
very abrupt profile shape by comparison. At the higher anneal temperature o f 
925° C, all three samples now show the same peak electrical activation,with 
again the low dose boron implanted sample showing the highest activity in the
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Figure 3.57 Sheet carrier concentration versus inverse anneal temperature for 
silicon and silicon plus boron implanted samples. A ll implants were at an 
energy o f 200 keV.
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Figure 3 3 8  Variation in carrier concentration profile as measured by C-V as a
function of boron implant dose following furnace annealing at 850° C.
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Figure 3.59 Variation in carrier concentration profile as measured by C -V  as a 
function o f boron implant dose following furnace annealing at 925° C.
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tail o f the profile. The high dose boron implanted sample however has retained 
an abrupt profile showing a considerable improvement compared to the silicon 
only implant.
Figure 3.60 shows the variation of carrier profile shape as a function o f  
annealing temperature for the 3xl013 B++6xl012 Si+/cm2 implant. A s the anneal 
temperature is increased from 850° C  to 875° C  the activity in the peak region 
increases with only a marginal change in tail activation. A t 900° C, the profile 
becomes more gaussian in shape with the tail extending to its greatest observed 
depth. Following the 925° C  anneal, the peak o f the profile has not changed 
compared to the 900° C  anneal but the activity in the tail region has reduced.
Figure 3.60 Variation o f carrier concentration profile with furnace annealing 
temperature for the high dose boron co-implant
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NCHAPTER 4 
DISCUSSION 
4.1 Introduction
The results presented in the previous chapter will be discussed in the following 
sections and explanations given where appropriate. The initial discussions relate to the 
separate sections presented previously, with the final section drawing upon results 
obtained throughout the work to highlight some overall aspects observed about the 
activation o f silicon in gallium arsenide.
4.2 Annealing Equipment
In this section, the results presented in the preceeding chapter on the annealing 
equipment will be discussed. Following this, the effect on the electrical properties of 
samples annealed in the various systems will be correlated to the characteristics o f the 
relevant annealers.
4.2.1 Control Optimisation.
From the results presented in section 3.1.1, it is apparent that the control function 
can be adjusted to allow differing levels o f damping to prevent the sample from 
overshooting the required temperature. The optimum setting has been shown to be 
one that allows a slight overshoot in the strip temperature. The requirement for the 
overshoot becomes apparent if we consider the sample response time compared to
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the strip response. The required overshoot is such that the strips overshoot to their 
maximum temperature and cool to the set temperature within the time that it takes 
for the sample to reach the set temperature. In operating the system in this way, the 
sample can be brought to temperature faster than would be achieved if the strips 
were were prevented from overshooting and because o f the time lag between the 
sample and the strips, the sample does not suffer any overshoot.
The computer control facility which was incorporated into the design o f the 
controller has been demonstrated to be capable o f controlling multi-stage anneal­
ing cycles with the ability to vary temperature ramp rates. It would also be 
possible to implement control functions within the software which would override 
those provided by the hardware. One modification that could be made to improve 
the accuracy when operating in computer control mode, would be the use o f a 
higher bit digital to analogue converter (D A C ). The D A C  which is currently 
employed is an eight bit unit allowing only 256 variations in the reference voltage. 
This implies that when a reference voltage that equates to 1000° C  is selected, as is 
the case in software mode, only ±4° C  of accuracy can be assured. If a twelve bit 
unit were to be used then 4096 variations in reference voltage could be achieved, 
implying an accuracy o f ±0.25° C  in the control signal.
4.2.2 Single Graphite Strip Heater.
The results shown in section 3.2.3 for the single strip heater, indicate that the 
sample temperature varies considerably compared to the strip temperature and also 
has questionable reproducibility. This problem is thought to be amplified by the 
use o f small (1 cm2) samples as it appears that the thermal contact the sample
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makes to the strip is not reliable. This can result in uncertainties o f up to 50° C  in 
the sample temperature (noting the shaded area in figure 3.5) and as much as 100° 
C compared to the actual strip temperature (compairing curve C  with curve A  in 
figure 3.5). For the same reason, there is also an uncertainty in the anneal time 
which will produce large errors in the observed thermal response for short duration 
anneals. This will in turn produce uncertanties in the expected electrical activation.
4.2.3 Double Graphite Strip Heater.
The results obtained on the double graphite strip heater indicate that it is possible 
to obtain an accurate sample temperature-time response during a rapid thermal 
anneal using an indirect sample temperature monitoring technique. It should be
noted however that the strip response is faster than the sample response. It is
€>P
therefore necessary to use two thermocouples, one* which is required for the 
control o f the strip temperature and the second being required (within the air gap 
between the strips) to monitor the sample temperature. Once the system has been 
characterised in this way, the temperature/time uncertainties seen in the single strip 
system are greatly reduced. However, it is still difficult to operate for anneals of 
less than five seconds.
Since the development work on this system was completed, similar results have 
been shown by Haydl79 for an alternative design o f fully enclosed heating system. 
The system employed by Haydl used a tantalum foil heater, on which an enclosed 
graphite box was placed. The sample to be annealed is then placed within the box. 
The motive behind this design was to provide a system for cap less annealing. 
This was done by producing a local arsenic overpressure derived from a powdered
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gallium arsenide and tin mixture included within the box, the tin acting to reduce 
the dissociation temperature o f the gallium arsenide. Similar work has also been 
performed on indium phosphide at Surrey using machined graphite strips which 
when placed together, form a cavity. This system has the advantage that both sides 
o f the box are heated. Results using this system can be found in the literature 80 
and will not be included here.
4.2.4 Comparison of Double and Single Graphite Strip Heaters.
Work by Sealy et. al.Si and Bensalem et. al.52 on the time and temperature 
dependence o f the electrical activation during annealing was used to investigate 
the differences in the single and double graphite strip heaters. If we consider the 
results presented in section 3.2.6, it can be seen that the double graphite strip 
heater consistently produces higher electrical activities for a given annealing 
schedule. From figure 3.9 it is possible to estimate that an effective average 
temperature difference o f 40° C  is seen between the two systems. This is for 
samples that have reached their electrical saturation value at a given temperature. 
The time to reach this saturation value is however longer at low temperatures than 
at high temperatures" and consequently the time lag difference between the two 
systems becomes less significant.
Figure 3.10 demonstrates the time lag associated with the single graphite strip 
heater. The electrical activation approaches saturation after 20 seconds which is 
somewhat longer than that seen for the double graphite strip heater. A  saturation 
time of 20 seconds is consistent with an anneal o f 925° C. However, this 
temperature yields a saturation value significantly lower than that seen here. The
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saturation value observed is actually consistent with an anneal o f about 975° C, but 
this temperature has a much shorter saturation time o f about 5 seconds. These 
results would therefore seem to be consistent with the sample being annealed at a 
temperature o f 975° C, but lagging the strip temperature response by times of 
greater than 10 seconds.
4.2.5 Annealing Equipment Cross Comparison.
Before analysing the results o f the annealing equipment cross comparison, it is 
worth considering the work o f Block et. al.84. In this work, the authors showed that 
gallium arsenide achieved significantly higher temperatures with faster rise times, 
for a given lamp intensity, when compared to silicon substrates. With this result in 
mind, investigation o f the results presented in section 3.2.7 show, that, for the low  
temperature anneals, higher temperatures were attained than the temperature 
monitoring system would suggest. Considering this, the Plessey annealed samples 
would appear to be sinking heat to the silicon substrate on which the thermocouple 
is mounted. However, in the STL  system, the thermocouple mounting is in thermal 
isolation from the suscepter and sample; so no heat sinking can take place. The 
result o f this difference is that the STL  samples reach a higher temperature than 
the Plessey samples do, most notably during the low temperature anneals.
Comparison o f the results from the Surrey optical furnace systems show there to 
be a difference in the samples that are directly irradiated and those that are placed 
between the two suscepters. The trend is similar to that seen for the previous 
results, with the irradiated samples appearing to reach higher temperatures. These 
results are also in agreement with the G EC  samples, where a flatter curve is seen
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with increased annealing temperature. The very flat curve for the Surrey samples 
that were directly irradiated is probably due to the large mass o f the susceptor as 
the graphite would be expected to heat faster than the gallium arsenide. This 
reason is also thought to be why the GEC samples show the same behaviour. A  
comparison of susceptor masses should show an optimum thickness but this has 
not been done. The samples that were annealed in the double graphite strip system 
compared with those annealed in the two susceptor optical furnace, shows there is 
good agreement between the two systems. This implies, as would be expected, that 
the two systems are identical in their heating characteristics. The only difference is 
that the source (one resistive and one absorbed light) used to heat the graphite is 
different. The slight differences existing in the values can be attributed to the 
differences in the cooling rates between the optical furnace and the graphite strip 
heater, the latter cooling faster due to both conductive and radiative losses.
43 High Dose Implants for Ohmic Contact Regions
In this section the results obtained on the n+ implants will be discussed and compared 
with other relevant work that has been published by other authors. The implications of 
applying to production some o f the ideas proposed in this work will also be 
considered, as will the possible gains that could be achieved.
43.1 Donor Implantation Through SiJV4.
The results presented in section 3.3.1 clearly demonstrate the reduction in carrier 
concentration within the surface region for samples implanted with high doses
117
through Si3N 4 and then annealed using the same encapsulant. It has been shown 
that it is possible to recover the lost activation providing that the encapsulant is 
replaced prior to the post implant anneal.
The results from the selenium implantation would seem to indicate that a layer o f 
residual damage exists following annealing and that it is this layer o f damage 
which is responsible for the carrier reduction. This corresponds to a theory 
proposed by Blunt et. al.", in which the authors suggest that the silicon and 
nitrogen recoils cause compensation and a layer o f anneal- hardened damage if a 
critical implant dose is exceeded. However, the results from the through nitride 
implants where the nitride was subsequently removed show that the recoils have 
little effect on the electrical activity. Work by Donnelly" on the same implant as 
used here, showed a significantly higher surface carrier concentration for an 
implant performed at 350° C  when compared to a room temperature implant. As  
an elevated temperature implant serves to prevent a layer o f high damage from 
forming during the implantation, it would indicate that if the damage introduced 
during implantation is kept below a critical level, the reduction in electrical 
activity observed will not occur.
If we consider these results and those obtained from the re-encapsulated samples, 
an alternative explanation can be offered for the reduction in carrier concentration. 
That is, if a critical level o f damage is exceeded during through-nitride 
implantation, it is necessary to remove the nitride and allow re-crystallisation to 
occur prior to the re-deposition o f the encapsulant used during annealing. As there 
exists a difference in the thermal expansion coefficients between the substrate and 
the encapsulant, the strain at this interface is thought to affect the regrowth. If the
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re-crystallisation (which takes place during the thermal cycling experienced in 
encapsulant deposition or pre-anneal) is allowed to take place without any 
interfacial strain, superior material properties result.
4.3.2 High Dose Silicon + Phosphorus Implantation.
The results presented in section 3.3.2 show that it is possible to alter the activation 
behaviour o f silicon by the co-implantation o f phosphorus. Improved electrical 
activation is obtained for the co-implanted samples with a reduction in the sheet 
resistivity. The two sets o f samples also have different activation energies, 1.45 
and 1.02 eV for the silicon plus phosphorus and silicon only implanted samples 
respectively. Neither o f these energies show any ion dose dependence over the 
limited range studied.
If we consider initially the results obtained from the single silicon implanted 
samples, then there is no discernable saturation in the electrical activity. This leads 
us to believe that the temperature required to promote site switching o f the silicon 
has not been reached. Previous authors57 have reported amphoteric behaviour from 
silicon implants as being responsible for a practical limit in doping density of 
approximately 2x1018 electrons/cm3 for furnace anneals, a value that would 
correlate to 100% activity in the 5xl013 Si+/cm3 implanted samples assuming no 
diffusion. The maximum value achieved from either o f the silicon implant doses 
studied here was only 3.5xl013 electrons/cm2, this gives values o f 70% and 35% 
activity for the low and high doses respectively. The temperature required for the 
onset o f amphoteric doping has also been shown to be dependent on several 
variables including the ion dose55, with the lower doses requiring a lower anneal
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temperature to cause amphoteric doping. Because o f this, optimum annealing 
conditions for the source and drain implants could not be used, as the temperatures 
required for the best activation o f this doping concentration exceed those used for 
the channel region implants. If we now consider the samples that were implanted 
with phosphorus as well as silicon, it is apparent that a saturation value is reached 
for both doses, with the temperature at which saturation occurs being lower for the 
low dose samples. The value of saturation for the low dose samples is 3.8xl013 
electrons/cm2 which represents a percentage activity o f 78%. This value is 
achieved for an annealing temperature o f 850°C, which, as can be seen in the next 
section, is the optimum annealing temperature for the low dose channel implants. 
If this anneal temperature were to be used for the silicon only implants, then a 
value o f 1.8xl013 electrons/cm2 would be achieved. In terms of sheet resistivity 
which is required to be a minimum, the silicon plus phosphorus samples give 
values o f around 60 ohms/[] while the single implants give values a factor o f two 
higher. Should the use o f higher annealing temperatures be permissible then by 
using the higher dose silicon plus phosphorus implants a factor of two improve­
ment is still obtainable (see figure 3.18).
The increase in electrical activation from co-implants has been studied by other 
authors. Banwell et. al.89 investigated the use o f co-implants of arsenic with 
silicon. In this work, the authors varied the dose o f the arsenic relative to the 
silicon dose and found that the co-implant was detrimental to the activity. The 
reason given was the compensation resulting from the extra residual damage 
caused by the arsenic implant, which, due to the large atomic mass o f arsenic, is 
considerable when compared to the damage introduced by the silicon implant 
alone. Farley et. al. 90 has studied implants similar to those used in this work;
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however they concentrated on rapid thermal anneals o f 10 seconds duration. The 
minimum sheet resistivity they recorded was 250 ohms/[] for a lx lO 14 Si+/cm2 
implant following annealing at 900°Q  beyond this annealing temperature the self 
compensation occurred. In their work, they used proximity annealing rather than 
an encapsulant as has been used here. This technique relies on the creation o f a 
local over-pressure and can lead to the out-diffusion of both dopants and substrate 
elements alike. If arsenic were to out-diffuse then an imbalance in stoichiometry 
could occur resulting in the generation o f arsenic vacancies. If silicon occupies this 
arsenic lattice site then it will act as an acceptor and thus may become amphoteric 
more easily. A s a comparison with this work, the silicon plus phosphorus implants 
gave a minimum sheet resistivity of 150 ohms/[] following annealing at 1050°C, 
after which an increase in sheet resistivity was noted. It may be possible to 
interpret these results such that the implanted phosphorus reduces the arsenic 
vacancy concentration 91 which reduces the silicon on arsenic site occupancy, 
allowing higher anneal temperatures to be used.
One further report o f silicon plus phosphorus implantation92 observed enhanced 
diffusion o f the dopant. In this work the authors used S i02 as the encapsulant. This 
can allow significant gallium out-diffusion92 during the furnace anneals that were 
used; this, coupled with the implanted phosphorus will result in a large sink o f  
gallium vacancies which could enhance the diffusion o f silicon.
From the work presented here, it is apparent that considerable gains in sheet 
resistivity can be made by the use o f co-implants o f phosphorus. Values as low as 
60 ohms/[] are achievable with moderate furnace anneals o f 850°C, while if the
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anneal temperature can be increased to 900°C, then by using a dose o f 1x1014 
Si++PVcm2 values o f 45 ohms/[] are realisable. These values show at least a factor 
o f two gain in those obtained for the standard single ion implant o f silicon. Due to 
the increase in ion dose as a result o f the phosphorus implant, one disadvantage of 
this technology is the need to implant the samples without a capping layer, or, to 
replace the encapsulant prior to annealing for the reasons previously described. 
The first option o f implanting without a capping layer, is more likely to lead to 
surface contamination as a result o f sputtering in the implanter and increased 
chemical reactivity o f the substrate 94, while the second option o f removing the 
nitride and replacing it prior to annealing requires extra processing steps.
4.4 Low Dose Silicon Implant Profile Control 
4.4.1 Silicon + Phosphorus Co-implantation.
In this section the results of the low dose silicon samples will be discussed and 
compared with results obtained from co-implants o f silicon and phosphorus. 
Further to this, problems associated with the use o f pre-amorphisation technology 
in gallium arsenide will be discussed.
4.4.1.1 Silicon Implants
The investigation of the annealing behaviour of the silicon implants highlighted 
several interesting points. Firstly, the electrical activation has a time depen­
dence for all the anneal temperatures studied. Secondly, the saturation value
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following long time anneals is temperature dependent, with the time to reach 
the saturation value decreasing with increasing temperature. This relationship 
has been noted by other authors98 for ions other than silicon. Silicon however 
varies its behaviour when compared to tin, selenium, zinc and beryllium in that, 
at high annealing temperatures, the carrier concentration reduces as a result o f  
amphoteric behaviour. Models that have been proposed for the activation 
kinetics o f dopants in gallium arsenide 9697 do not take this into account and as 
such could only be of use over a limited dose and temperature range.
The temperature that the amphoteric behaviour occured at for this dose and 
energy is after the 950° C  anneal for a time of 10 seconds. Following this 
anneal the carrier concentration reduced when compared to the value achieved 
for the 5 second anneal. This value agrees well with other published values for 
similar doses9899.
' 3
4.4.1.2 Phosphorus Implants
The results presented in section 3.4.1.1 on the phosphorus-only implant show 
that only a small change in the resistivity o f the substrate occurs following 
implantation and annealing. Once the first 1000A of the sample has been 
removed, the substrate returns to its original pre-implantation value. It is 
obvious from the atomic profile that there is still a considerable quantity o f 
phosphorus within the substrate following the removal o f the first layer, which 
enables us to determine that phosphorus is isoelectronic in the gallium arsenide 
lattice. This o f course is essential if phosphorus is to be used as the ion species 
for pre-amorphising the lattice. One further important point that should be
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highlighted is that the recoils from the silicon nitride film through which the 
implant was performed show very little activity following the 850° C  anneal. 
This result agrees with some previous work by Barrett and Sealy'00 in which 
the authors noted less than 1% electrical activity from the recoiled fraction. 
Work by Anholt and Sigmon'0' predicted the effect o f the recoils on the 
threshold voltage o f FET’s as a result o f a through-nitride implant. In their 
work they assumed that the recoiled silicon became fully active, in contrast to 
the results in this study. It is therefore unlikely that the recoils associated with 
these low levels o f dose would prove a major problem. In the next section 
however, it will be seen that, if the dose is increased to a high enough value 
then problems from the recoils may result.
4.4.13 Silicon + Phosphorus Co-Unplantation
In this section the results on the microstructure o f the pre and post implanted 
samples will be discussed briefly. Following this,the electrical results will be 
discussed in some detail and suggestions as to the role o f phosphorous and 
damage in the activation o f silicon will be made.
Microstructual Damage
The Rutherford backscattering results demonstrate that it is necessary to 
implant a dose o f at least lx lO 15 PVcm2 to produce a region of damage that 
yields 100% dechannelling. This level o f damage, though required for best 
prevention o f channelling tails, does not produce the best electrical results 
as will be seen later in this section. Transmission electron microscopy 
shows that, as the dose o f the implant is increased, the level o f post-anneal
124
damage increases m. For doses o f 6xl012 P+/cm2 no damage was discernable, 
while as the dose was increased the primary damage observed was 
dislocation loops. These loops vary in size and density.
In summary, the phosphorus results show that highly disordered layers can 
be produced by implants o f doses up to lx lO 15 P+/cm2, and these layers can 
be regrown using rapid thermal annealing to produce material o f good 
single crystal with interspersed loops of 20 to 140nm in dimensions.
Electrical Results
The annealing schedule to produce the maximum electrical activation from 
the implants studied is seen to depend on the co-implanted phosphorus 
dose. If a furnace anneal o f 15 minutes duration is chosen then the 
optimum dose is shown to be 3xl013 P+/cm2. However if an R TA  is used, a 
lower dose o f 6x1012 P+/cm2 gives the best results. If we consider the results 
of the annealing study o f these two implants, it is shown that the higher the 
dose o f phosphorus, the longer the required anneal time (at any given 
temperature) to reach a saturation value. Once a saturation value has been 
reached (with reference to figure 3.31 and 3.32 annealing times o f 15 
minutes at temperatures above 800° C ) the optimum phosphorus implant 
dose is 3xl013 P+/cm2. The reason for the increase in the saturation time with 
increasing implant dose, is attributed to the higher levels o f damage that is 
introduced into the substrate during implantation. As this damage is 
introduced by a non dopant species, it is necessary to allow extra time for 
the regrowth to take place. This has the effect o f minimising any compensa­
tion that may be attributed to the extra damage.
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The differential Hall carrier concentration profiles that were presented in 
section 3.4.1.1 illustrate where the gains are made in the carrier profile. An  
increase in carrier concentration within the first 2000A is noted for all but 
the highest implant dose following furnace annealing. The co-implant 
produces a progressive sharpening o f the implant profile*with increasing 
dose the mobility does reduce significantly at the higher doses. The highest 
showed a profile (5 x l014 P+ + 6xl012 Si+/cm2) with a considerable loss of 
carriers in the surface region. This result, along with the low activity 
obtained for the samples implanted with 7xl014 and Ix lO 15 P+/cm2, has been 
attributed to the use o f through-nitride implants without encapsulant 
replacement (see section 3.3.1). However, it may also be that a damage 
level has been exceeded beyond which no further gains are made by 
increasing the phosphorus atomic concentration. The carrier profiles o f the 
R T A ’d samples also show a reduction in activation with increasing 
phosphorus implant dose. The mobility o f these samples degrades with 
increasing dose which is the same as seen for the furnace-annealed samples 
and again suggests incomplete recovery o f the damage.
The results relating to the energy variation of the phosphorus implants 
presented in section 3.4.1.1, show that improvements can be made by 
varying the relative positions o f the two implants. The results from the 
furnace-annealed samples that were Polaron profiled (figure 3.35) illustrate 
that as the phosphorus implant energy is increased, so the carrier tail is 
reduced. For the lowest phosphorus implant energy o f 200 keV, the profile 
is more abrupt to approximately 3000A than that of- the silicon only 
implanted sample. As the phosphorus energy is increased to 300 keV, the
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profile is more abrupt to about 3500A. The most abrupt profile is measured 
following the use o f a phosphorus implant energy o f 400 keV. Increasing 
the energy still further to 500 keV both reduces the peak carrier concentra­
tion and increases the tail o f the profile compared to the 400 keV implanted 
sample. If we consider only the samples implanted with phosphorus up to 
an energy o f 400 keV, then the improvements seen might be expected, as 
the damage resulting from the phosphorus implant is being moved closer to 
the tail region o f the silicon implant. However, the sample implanted with 
the 500 keV phosphorus will have its damage peak closer to the tail region 
than any of the other samples, and as such, should have the steepest profile. 
It is apparent from the results that this is not the case, so an alternative 
explanation must be sought to explain the broader profile seen in this 
sample. If we consider the relative positions o f the phosphorus atomic 
profile compared to the silicon profile then it can be argued that the 
phosphorus boosts the activity o f the silicon in the tail o f the implant for the 
samples implanted with 500 keV phosphorus. A  further point to substantiate 
this argument is the increase in zero bias depletion depth with increasing 
phosphorus implant energy; this indicates an increase in carrier concentra­
tion towards the surface which reduces as the phosphorus implant depth is 
increased. This is in agreement with the results previously presented for 
phosphorus implants o f the same energy where the activation peaked for 
phosphorus concentrations o f between 2 and 8xl017 P/cm3. H yuga '" has 
since shown that the optimum phosphorus volume concentration is at lx lO 10 
P/cm3 for an implant dose o f 5x l012 Si+/cm2 at an energy o f 67keV. This 
silicon implant dose and energy will give a higher volume concentration
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than the implant used in this work. It may therefore be fair to assume that 
the required phosphorus concentration for maximum activation will be 
higher. There is also a notable reduction in the carrier concentration within 
the peak region o f the sample implanted with the 500 keV phosphorus. The 
reason for the reduction is thought to be as a result of the reduction in 
phosphorus concentration in this region compared to the samples implanted 
with lower energies. The damage in this area is still o f a comparable level to 
that seen for the lower energies. That is to say that, if we consider the 
simulations o f the implant damage and atomic concentrations shown in 
figures 3.22 and 3.23 respectively, at a depth o f 1200A there is 10% and 
12% disorder for the 500 and 400 keV implants while, the phosphorus 
concentration is more than doubled for the lower energy implant. If we  
again consider the results o f Hyuga et. al., in which they show no increase 
in activity for a phosphorus concentration below 2x1017 P/cm3, then 
considering the results from the simulations, we see there is less than lx lO 17 
P/cm3 concentration within the first 1200A This is the area for the 500 keV  
implanted sample in which we see the reduction in activity.
The Hall results on the samples implanted with 500 keV phosphorus to a 
dose o f 3x l013 ions/cm2 show that the furnace** annealed sample gives a 
lower peak carrier concentration with the tail o f the profile extending 
beyond that seen for the R T A ’d sample. If we also consider the samples 
implanted with the higher dose o f phosphorus ( lx lO 14 P+/cm2) at the same 
energy, then again, for the furnace annealed sample a broader profile is 
seen. The carrier concentration and mobility in this sample is lower than 
that obtained for the 3xl013 P+/cm2 implanted sample which would suggest
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that there is residual damage present causing the mobility reduction. If we  
compare the sample that had the Ix lO 14 P+/cm2 implant followed by the 950° 
C  5 second anneal with the previous samples then a considerable reduction 
in both carrier concentration and mobility is seen. This reduction is believed 
to be from the increased damage resulting from the higher dose implant 
which is not fully recovering during the anneal cycle. The most recent 
results published on silicon plus phosphorus co-implantation204 conclude 
that if the phosphorus dose is increased, higher annealing temperatures are 
required in order to regrow the damage resulting from the increase in 
phosphorus dose. The results presented here are in agreement with this and 
it is apparent that the R T A ’d samples show more abrupt profiles than those 
seen for the furnace annealed samples with a greater dependence on the 
implanted phosphorus dose.
If we now consider the results presented where the order o f implantation 
and annealing was varied (figure 3.37), then it is possible to draw some 
conclusions about the role o f the phosphorus in the activation of the silicon. 
Firstly, the sample that had a phosphorus implant followed by a silicon 
implant which was then annealed (sample A ), shows by far the most abrupt 
profile. This indicates that dechannelling is the predominant mechanism in 
tightening the profile as the three other samples had the silicon implant 
performed into crystalline substrates (sample C  having been annealed 
following the phosphorus implant). Further interpretation o f these results 
should be treated with some caution as the differences in the profiles are 
small and may not be reliable. However, sample D  shows the lowest 
activity in the 1000 to 2500A region, which is possibly as a result o f the
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residual damage when the phosphorus implant has been annealed for fifteen 
minutes less than sample C, which shows the best activation. Sample B 
shows the broadest profile recorded; this could be the result o f  silicon 
diffusion which is enhanced by the damage introduced by the phosphorus 
implant (an effect noted by other authors'"). One final point worth noting is 
the pre and post phosphorus implant resistivities o f  sample D; this shows 
that an improvement in the resistivity can occur despite the damage caused 
by the phosphorus implant.
In conclusion it can be said that it is possible to obtain both increases in 
electrical activation and improvements in carrier profile shape for implants 
o f silicon by the co-implantation o f phosphorus. The dose and energy o f the 
phosphorus co-implant can dramatically effect the resulting electrical 
characteristics. This leads to the trade-off between wanting to maximise the 
damage to reduce channelling yet minimise it to allow easy dopant 
activation. The annealing schedule required following co-implantation must 
also be given careful consideration as the damage caused by the phosphorus 
implant can play a major role in the activation o f the silicon. This leads to 
conflicting anneal requirements, these being, the need to regrow the extra 
damage resulting from the phosphorus implant (long time anneal), and the 
prevention o f diffusion o f  the dopant as a result o f  the phosphorus implant 
(short time anneal).
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In this section, the acceptor behaviour o f carbon implants will be discussed and the 
results obtained w ill be compared to those obtained by other authors. Following 
this, the effect on the donor carrier profile o f silicon implants co-implanted with 
carbon w ill be analysed and possible mechanisms for the compensation observed 
w ill be offered.
4.4.2.1 Carbon Implants
The results in section 3.4.2.1 show carbon to act as an acceptor impurity at the 
dose levels studied in this work. Unlike other light mass P-type dopants such as 
berylliumm, low levels o f electrical activation were observed for both the 
implant doses studied. Following annealing at 750° C for 15 minutes, the 
activation achieved was only 2%  and 3% for the samples implanted with 6 x l0 12 
and 3x l013 O/cm2 respectively. Annealing at higher temperatures (900° C +) 
increased the activation to a maximum o f 43% and 20% for the low and high 
dose samples respectively. I f  we compare these results with previously 
published work, very good agreement is seen throughout the annealing range 
studied. Sansbury et. al.i07 showed the electrical activity o f carbon implants to 
vary with implant dose following annealing at 700° C. The electrical activity 
they recorded for an implant dose o f lx l0 13 O/cm2 was 1.9% following this 
anneal which is in very close agreement with the values recorded in this work 
for the 750° C anneal. Reported 108 values o f activity following annealing at 
800° C show lower results than those obtained here, but the dose studied was 
one order higher; so from the work o f Sansbury et. al. this discrepancy would
4.4.2 S ilicon  + Carbon C o-im plantation.
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\be expected. Higher levels of activity have been obtained by other authors 109 
for doses o f Ix lO 13 O/cm2 following annealing at 900° C. The percentage 
activity reported was 50%, a higher value than the 43% and 20% obtained in 
this work, but, nevertheless a result which is still comparable to those reported 
here.
In summary, it can be said that it is possible to obtain P-type activity by carbon 
implantation, although not to the levels that are generally associated with 
P-type dopants in gallium arsenide. The levels o f electrical activity achieved, 
which were found to be dependent on the ion fluence and the post implant 
anneal schedule, are in agreement with previously published work.
4.4.2.2 Silicon + Carbon
The sheet electrical Hall measurements, which illustrate the effect o f the carbon 
dose variation with annealing temperature for the co-implanted silicon samples, 
show a reduction in sheet carrier concentration and mobility with increased 
carbon dose. This result is in agreement with that o f Paulson and Tam220, who 
also showed the threshold voltage o f FET’s was strongly dependent on the 
background carbon concentration in gallium arsenide. A ll the samples show an 
improvement in electrical behaviour with increased annealing temperature, 
regardless o f the carbon dose used.
When we consider the effect o f the co-implant on the profile shape, it is 
apparent that the reduction in carriers takes place within the overlap o f the 
implant profiles. This implies that the carbon compensates the silicon within 
the area o f the profile overlap. A s had been previously shown, the carbon has
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poor electrical activity when implanted as a single ion species. If we consider 
the carrier concentration at 3000A in the samples annealed at 850° C, then the 
amount o f compensation afforded by the carbon in the co-implanted samples is 
not consistent with the activities previously noted for the single carbon 
implants. For example, the amount o f electrical compensation achieved at this 
depth (by comparison o f the electrical activity o f the 6x l012 Si+/cm2 and the 
6xl012 Si++0/cm 2 implanted samples) is approximately 9x1016 electrons/cm3, 
and the level o f carbon at a depth o f 3000A was found to be, from the SIM S  
measurements, approximately lx lO 17 atoms/cm3. These two results imply that 
the carbon is compensating at a rate of 90% of its implanted dose. This 
compensation is thought to arise from two possible mechanisms, the first being 
that the carbon is acting as a p-type dopant and thus compensating the n-type 
silicon activity. W ork by Shin et. a l." ' showed the electrical activity o f carbon 
co-implanted with gallium was much higher (60% active) than for carbon 
implanted alone (18% active). This result was found for a carbon dose o f lx lO 14 
C+/cm2. This would be expected to produce lower levels o f activity than those 
seen for a lower dose, as previously discussed. With this result in mind, it 
seems that, as the silicon is expected to occupy the gallium sublattice at these 
annealing temperatures, the carbon activity is increased because o f the increase 
in arsenic vacancy concentration. If this is the case, then the increase in carbon 
activity will only be apparent within the region of overlap o f the two implanted 
profiles leaving electrically inactive carbon behind the doping profile tail (no 
p-type region was observed in the C -V  measurements). This has the advantage 
of not creating a p-type doped layer below the abrupt n-type layer as would be 
seen by other acceptor ion species. The second method o f compensation is that
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the carbon is responsible for creating trapping centres in the material which 
prevent the activation o f the silicon. Any trapping centres are unlikely to be 
damage related, as the area of damage caused by the carbon implant is 
shallower than the region where the compensation is observed. Also the level 
o f damage introduced by the carbon is less than that introduced by the silicon, 
due to the factor of two difference in the atomic masses. A  more probable 
reason would be the formation o f a Si-C complex, which, is both thermally 
stable and assumed to be electrically inactive. This would result in the loss of 
activity from the otherwise electrically active silicon. It would not however 
account for the reduction observed in the mobility, which, most likely results 
from an increase in the ionised impurity scattering as opposed to an increase 
in the residual lattice damage. This implies that the carbon and the silicon are 
both electrically active and the compensation is as a result of the donors and 
acceptors cancelling one another. Further work on the formation o f deep levels 
and scattering mechanisms assoiciated with this implant would be required to 
justify this argument.
As was shown previously the sheet carrier concentration reduces with increas­
ing carbon dose. However, if the carrier profiles are examined, the peak carrier 
concentration dose not follow this trend. Examination o f the samples annealed 
at 750° C  shows the samples implanted with carbon have a higher peak carrier 
concentration than those implanted with silicon alone. At an annealing 
temperature o f 800° C, all the samples show similar levels o f peak concentra­
tion. It is not until the highest furnace anneal temperature o f 850° C  that the 
silicon implant shows significantly higher levels o f electrical activity than that 
seen for the two largest carbon doses. Even at this anneal temperature, the
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sample implanted with lx lO 12 C+/cm2 has the same peak carrier concentration as 
that seen for the silicon only implant but considerable gains in profile shape are 
apparent. If we ignore the possibility of carbon diffusion and consider the 
levels o f carbon in the peak region of the silicon implant then, from the 
simulations shown in figure 3.39, the concentration of carbon is approximately 
1.5xl01(i atoms/cm3, which even if it was 100% electrically active would 
produce a change which is below the realistic detection limits of the measure­
ment.
Re-plotting o f the data to illustrate the effect o f the variation o f anneal 
temperature (figures 3,44 to 3.47) on the carrier activation, clearly demon­
strates the dependence o f the silicon implant activation (figure 3.44) on anneal 
temperature. As the carbon dose is increased the anneal temperature depen­
dence becomes less significant, until, at the highest dose o f carbon used (figure 
3.47), very marginal differences are seen for only the lowest anneal tempera­
ture.
The samples implanted with the higher energies o f silicon and carbon show the
same trends as seen for the 200 keV implanted samples, but the profile tailoring
appears somewhat more spectacular as the measurement is made over a larger
a
depth and hence, errors such as Debye lenth play a less significant role. If a 
similar analysis to that above is done, then levels o f compensation obtained 
from the carbon again exceed 90% of the atomic carbon concentration.
The results obtained on the samples in which the implantation order was 
varied yield results that are not yet fully understood, although some conclu­
sions can be drawn from them. It is apparent that, as no difference exists 
between samples A  and B; dechannelling resulting from the damage introduced
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by either the carbon or the silicon implant is insignificant compared to the 
compensation effects o f the carbon. Futhermore, the order o f implantation does 
not significantly effect the atomic profile shapes as this would probably be 
observed in the carrier profile shapes (  for example , if the carbon profile was 
made more abrupt and the peak height therefore increased, a reduction would 
be observed in the carrier concentration). When the intermediate anneal is 
incorporated, then interpretation o f the results becomes more difficult and the 
requirement for further experimentation is apparent. However, a tentative 
explanation can be offered if we assume that the carbon is acting as an acceptor 
implant and the silicon has the same activity in samples A , B  and C. From the 
SIM S results presented in the preceeding chapter, it is apparent that the carbon 
is tending to diffuse towards the surface, which would imply that the carbon in 
sample C, having been annealed for a total time o f 30 minutes, would have a 
greater opportunity for diffusion. This would account for the reduction in the 
peak carrier concentration observed if we consider that the peak o f the carbon 
distribution is deeper than that o f the silicon. Furthermore, the compensation in 
the tail o f the implant would be reduced as the carbon peak reduces with 
increased diffusion. This would account for the greater activity seen in the tail 
of sample C. The carrier profile obtained for sample D  shows the lowest 
activity throughout the profile, which would imply that either the silicon is less 
active or the carbon more active or that the atomic concentrations o f one or 
both have changed significantly. As the level o f carbon and silicon electrical 
activity has already been shown to be approximately 90%, it would be 
necessary to increase the level o f carbon in the region o f the implanted silicon 
to achieve the differences noted. As the annealing time for the carbon in this
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sample is less than that for sample C, and only the same as for samples A  and 
B, then, the sole difference that may promote the diffusion is that the substrate 
has no damage from the silicon implant. It may be that the damage could be 
responsible for pinning the carbon preventing it from diffusing. Another 
possible explanation for this result would be that the silicon, having been 
annealed for 15 minutes longer than in the other samples is behaving 
amphoterically and thus the overall acceptor level is being increased while the 
donor level is being reduced. Work by other groups222 on silicon implants 
similar to those studied here has shown silicon to start behaving amphoterical­
ly for anneal times longer than 20 minutes for an anneal temperature o f 850° C. 
Further work is required to devise a more complete explanation for this effect.
In conclusion, it can be said that the co-implantation o f carbon with silicon 
allows for considerable modification o f the carrier profile shape with an 
increase in the peak electron concentration following annealing at low 
temperatures. Furthermore, the electrical activity o f  the carbon, which has been 
assumed to be the same as the reduction in the donor activity, is greatly 
increased in the presence o f silicon over the levels normally observed for 
carbon implants alone.
4.4.3 Silicon + Boron Co-implantation.
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4.4.3.1 Silicon + Boron SIMS Results
Due to the damage and stoichiometric imbalance resulting from the boron 
implant behind the implanted silicon profile, it was felt that diffusion o f the 
silicon into the substrate may be induced. Comparing the SIM S results 
presented in the preceeding chapter for the as-implanted and furnace annealed 
samples, no diffusion o f either implant species is apparent following an 850° C  
anneal. Anneal temperatures in excess of 850° C  were not studied by SIMS, so 
no comment can be made about the possibility o f diffusion at some of the 
higher annealing temperatures studied in the electrical assessment.
4.4.3.2 Silicon + Boron Electrical Results I
The sheet electrical results obtained by Hall effect measurement presented in 
section 3.4.3.1 demonstrate the effect o f the boron co-implantation with silicon. 
Amphoteric behaviour is seen in the silicon control samples annealed beyond 
875° C, this being detectable by the characteristic reduction in both sheet 
carrier concentration and mobility. The temperature at which this is seen to 
occur is in agreement with other published values113 for furnace annealed 
samples.
If we now consider the effect of the boron co-implants on the sheet electrical 
properties, it is apparent that for the low dose of boron, a reduction in carrier 
concentration and mobility is seen for annealing temperatures below 850° C. 
Furthermore, for anneal temperatures below 775° C, the activation energy is 
increased to 0.63eV. This increase in activation energy is thought to result from 
the increased damage caused by the boron implant, since as the dose is
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increased to 3x1013 B +/cm2, the initial activation energy increases still further to 
le V  for anneal temperatures o f upto 850° C. Above this anneal temperature, 
the activation energy again reverts to approximately 0.5eV as was seen for the 
lower dose boron implanted samples. For the higher anneal temperatures, 
above 850° C, the low dose o f boron is seen to improve the carrier 
concentration and mobility, while, the high dose of boron serves to reduce the 
activation from that seen for the silicon only implant. The implication o f this is 
that the low dose boron implant is in some way reducing the amphoteric 
behaviour o f the silicon at the high annealing temperatures. If we now consider 
the relative carrier profile shapes o f the samples shown in section 3.4.3.1, we  
can, by re-plotting the data (figure 4.1) show the inactive fraction o f silicon for 
the boron implanted samples compared to the silicon only implant. Considering 
now the low dose implanted samples, it is apparent that the inactive fraction is 
negative throughout the profile depth. This means, that, either the silicon has a 
higher activity when co-implanted with the boron or, that the compensation 
from amphoteric behaviour is less. This increase in activity is most prevalent at 
a depth o f between 3000A and 4000A which coincides with the region where 
the damage level of the boron implant exceeds that o f the silicon level (see 
figure 3.54). It is thought that this extra damage is responsible for creating a 
sink o f gallium vacancies, which allows the silicon to occupy the required 
lattice site. Consequently a reduction in the compensation caused by silicon 
occupying an arsenic vacancies occurs. This explanation is consistent with the 
higher sheet mobilities seen for these samples following annealing at these 
temperatures. If we now focus our attention on the higher dose samples (figure 
4.1), it is apparent that following an 850° C  anneal, compensation exists
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throughout the profile as the inactive fraction is positive for all depths. After 
annealing at 925° C, the inactive fraction drops to zero for depths upto 2500A. 
Beyond this depth there is still a considerable level o f compensation. The 
compensation seen within the peak region for anneals o f 850° C, has been 
attributed to damage complexes that are stable to temperatures o f up to 850° C. 
This follows a theory proposed by Martin et. al.114. Furthermore, they suggest 
that the boron itself could be responsible for the compensation.
Figure 4.1 Plot o f percentage activity change as a function o f depth caused by 
the co-implantation o f boron with silicon.
0 SJ 200keV 6e12cm-2, B 2Q0keV 6el2c*n-2,050/tSmtris 
4 SJ 200keV 6eJ2cm-2, B 200keV 3e13cm-2,8S0/1SmIns
Depth - angstroms
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The results presented in this work seem to suggest that there are two separate 
mechanisms responsible for the compensation, the first being a damage related 
effect which is responsible for the modification o f the activation energy. The 
annealing temperature up to which this effect dominates is dependent on the 
boron dose as seen from the sheet electrical results. The second mechanism, 
which is stable to annealing temperatures o f beyond 900° C, is thought to be 
related to a reduction in the gallium vacancy concentration as a result o f the 
presence o f boron. This was first suggested by Osaka et. al.1IS, and is thought to 
cause the silicon to occupy arsenic vacancies and thus become self compensat­
ing. As no compensation is seen in the low dose boron implanted samples, and 
as compensation is only seen beyond 2500A in the high dose samples, it is 
suggested that a level o f 2 x l017 boron/cm3 is required to achieve a significant 
effect. This value is in excellent agreement with the figure o f l-2 x l0 17 
boron/cm3 proposed by Martin et. al.116 as a level o f boron doping required to 
achieve compensation.
Summarising the results, it has been shown that the activation energy for 
silicon implants can be modified by the co-implantation o f boron. The value for 
the activation energy and the anneal temperature to which the activation energy 
is modified, both have a dependency on the boron dose. Further to this, the 
co-implantation o f boron in sufficient quantities has been shown to provide a 
thermally stable compensation mechanism to temperatures o f 925° C, allowing 
for the significant reduction in carriers generally associated with channelling 
tails. Levels o f boron dose below that which results in compensation appear to 
result in improved activation o f the silicon with improvements in the electron 
mobilities.
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The discussion so far has been concerned with the main aims of the project. These 
were, to investigate methods o f ion implantation that might be usefully employed for 
the production o f low resistivity contact regions and to investigate methods o f profile 
control. In the completion o f this task, some interesting points have arisen concerning 
the activation o f ion implanted dopants in gallium arsenide. Bensalem et. a l."7 
proposed the use o f an activation model for dopants in gallium arsenide based on the 
first order diffusion equation which was later modified by Morris et. al.118 to include a 
temperature dependent saturation term. The activation energies quoted throughout the 
text of this thesis are based upon this model, with the quoted values relating to the 
saturated activation values. That is to say, that the time dependent activation process 
energy has been ignored. From the values o f activation energy obtained (0.53 to 1.02 
eV ) across the dose range o f silicon studied in this work(6xl012 to lx lO 14 Si+/cm2) it is 
apparent that there is an implant dose dependence. If we now consider work by other 
authors, this point may be highlighted. Pearton et. a l."9 using the model proposed by 
Morris, suggest that the activation energy o f beryllium and silicon implants in gallium 
arsenide both have an ion dose dependence. The quoted values o f activation energy 
for implants o f lx lO 14 and lx lO 13 Si+/cm2 was 0.53 and 0.54 eV  respectively. 
However, these values are very close and possibly the same within experimental error. 
The values were obtained following isochronal anneals o f 5 seconds over the 
temperature range 700 to 900° C. Another similer value o f activation energy (0.55 eV ) 
has been quoted by Hiramoto et. a l."° for anneals of 0 seconds duration for anneal 
temperatures o f between 650 and 850° C  for an ion dose o f lx lO 13 Si+/cm2. It is 
arguable, considering the results shown in figure 3.28, that the short time of these 
anneals at moderate temperatures does not produce results in the time independent
4.5 F u rth e r D iscussion
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region. Work by Tiku and Duncan222 on 10 second anneals gave an activation energy 
o f 0.76 eV  for an ion dose o f  6x l013 Si+/cm2 with values somewhat lower than this for 
doses o f 1 and O.SxlO13 Si+/cm2. This value is complemented by one o f 0.79 eV  by 
Adachi222 for implants o f  5x1013 Si+/cm2; however the anneal time was again short at 3 
seconds.
I f  we now consider the results obtained throughout this work, it is apparent that there 
is an influence on the activation o f the silicon caused by the implantation o f other ions 
as well as the previously described dose dependence. This can best be explained i f  we 
first consider the results o f the co-implants o f phosphorus with the silicon where the 
implant energy was kept constant for both o f the ions (figure 3.32). It is apparent that 
the saturation levels reached at the higher anneal temperatures (800° C ) are greater for 
the co-implanted samples than for the single implant. However i f  we consider the 
lower temperature annealed samples (700° C), the ultimate value reached by the 
co-implanted samples is unlikly to exceed that o f the single implant. This will have 
the effect o f producing an increase in the activation energy. The reduction in the 
electrical activation o f the low temperature annealed samples that were co-implanted 
has been attributed to the increase in damage. It should be remembered that this 
damage increase is produced by a non-dopant ion. I f  we consider the samples 
implanted with a higher dose o f  phosphorus and silicon (figure 3.18), then again, 
addition o f the phosphorus increases the activation energy. For both these sets o f 
samples, the phosphorus enhances the activation o f the silicon once a high enough 
level o f anneal temperature is reached. Let us now consider the result from the boron 
co-implantation, where the boron profile overlaps only slightly the silicon profile 
(figure 3.57). The boron implant has a similar effect, the difference being that the 
boron does not play a major role in aiding the silicon activation in the way seen for
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the phosphorus implants. It would appear from these results that the modification to 
the activation energy could be attributed to damage as the bulk o f  the silicon implant 
lies outside o f  the boron profile and it would be this region o f  dopant that would be 
the major contributor to the sheet carrier concentration measurements. I f  we finally 
consider the carbon co-implanted samples, it is apparent from the carrier profiles 
shown in figures 3.48 to 3.50 that the carbon influences the activation o f the silicon as 
mentioned previously. As the peak in the carrier distribution due to the silicon is 
considerably shallower than the carbon distribution, it is likely that the damage caused 
by the carbon implant has an effect on the activation o f the silicon as has been seen 
for the boron implants. However, the effect is complicated by the presumed activation 
o f the carbon which is not seen in the boron implanted samples.
In summary, there are several reports in the literature o f activation energies relating to 
silicon implants and also for other dopant implants. In this work, several activation 
energies have been obtained for silicon using the model mentioned earlier. It is 
apparent from the results discussed here and the conflicting reports in the literature, 
that the local environment o f the silicon greatly effects the activation energy that may 
be measured. This may involve the levels o f  damage present in the substrate following 
implantation due to different implant energies, temperatures, times and ion fluences, 
the stoichiometry o f the starting material, residual impurities etc.. Furthermore, i f  we 
consider the results presented in section 3.2.7 on the annealing equipment compari­
son, great care must be taken in the interpretation o f the results in the literature. Using 
these results to estimate possible errors that may be caused in the activation energy 
calculated, it can be seen from figure 3.12 that some annealing systems can 
underestimate the sample temperature reached by as much as 100° C (taking the 
double graphite strip heater as the reference system). This w ill in turn produce
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apparently higher carrier concentrations for a given anneal temperature. In doing so, 
the activation energy measured w ill be under-estimated as w ill the time to reach a 
saturation value at a given temperature.
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CHAPTERS 
CONCLUSIONS and FURTHER WORK
5.1 Annealing Equipment
The original design o f graphite strip heater has been much improved by the 
development o f the double graphite strip heater. The performance o f this system for 
the annealing o f small samples has been shown to be superior to that previously 
obtained by the existing design. An optical furnace has been designed to emulate the 
performance o f the graphite strip heater with good results. Both o f these systems have 
then been used to study the behaviour o f samples during rapid thermal anneals.
Cross comparisons with commercial systems have highlighted the need for great care 
when considering temperature time cycles as the said thermal response is not always 
accurate. There is a need for considerably more work studying the performance o f 
different types o f substrates during rapid annealing where samples undergo direct 
irradiation i f  the thermal history is to be accurately known.
The low cost control system developed for the furnaces has been shown to operate 
both in manual and under software control. However further development would 
allow for greater accuracy o f this unit by the inclusion o f a 12 bit D A C  instead o f the 
8 bit D A C  currently used. A  controller with a 12 bit D AC  and a microprocessor 
included in the design is currently undergoing development. This system when 
complete w ill eliminate the need for the computer to provide the software control.
5.2 High Dose Implants for Ohmic Contact Regions
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5.2.1 Donor Implantation Through SiJSl4
The reduction in carrier concentration observed for high dose through-nitride 
implants has been studied. The presence o f the recoils from the encapsulant within 
the substrate has been shown not to be responsible as previously thought for the 
carrier reduction. The carrier reduction observed for these implants has been 
attributed to the poor regrowth during post implant annealing. This is thought to 
occur because o f the strain between the encapsulant and the substrate due to then- 
different expansion coefficients. Further work using electron microscopy may 
allow for a better understanding o f this problem? however, an alternative 
processing technique has been demonstrated that alleviates the problem. This does 
however involve extra processing steps.
5.2.2 High Dose Silicon + Phosphorus Implantation
Co-implantation o f silicon and phosphorus has been demonstrated to yield material 
o f considerably lower sheet resistivity than those obtained for single implants o f 
silicon. The activation energy for the doses o f silicon studied here is approximate­
ly 1 eV, while the co-implanted samples have a higher value o f 1.45 eV. Saturation 
in electrical activity o f  the co-implants occurs at a temperature which is dependent 
on the implant dose used, with the lower dose samples exhibiting de-activation i f  a 
critical anneal temperature is exceeded. Furthermore, the post-implant anneal 
temperatures required for the co-implanted samples are appreciably lower for a 
given resistivity which would possibly improve the yield if lower anneal 
temperatures could be used. This could also have benefits in SAGFET technology, 
where the gate material is in place during the post-implant anneal, as the
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requirement for the thermal stability o f  the gate-substrate interface would not be as 
stringent. Other advantages could be gained if  there are fast diffusing species 
(P-type dopants) on the same substrates for obvious reasons.
However, due to the higher implant doses involved with this technique, 
through-nitride implantation may have to be treated with caution unless additional 
processing steps are used for the reasons highlighted in this work. This will 
obviously have an adverse affect on the yield for a given process technology.
5.3 Low Dose Silicon Implant Profile Control
In this section, the conclusions obtained from the various profile modification 
techniques used, w ill be highlighted in chronological order under separate headings. 
Following this, further work applicable to all the techniques w ill be suggested.
5.3.1 Silicon +  Phosphorus Co-implantation
The use o f phosphorus for the introduction o f damage into the crystal lattice has 
been demonstrated to be a viable technique for the control o f dopant profiles 
provided excessive levels o f ion dose are not exceeded.
The 0.54 eV  activation energy obtained for this silicon dose is less than that 
observed for the higher doses studied in this work, implying that there is a 
dependance on ion dose.
Co-implantation o f  phosphorus increases the electrical activity providing the dose 
is not too large. The anneal requirements for the co-implanted samples differ from 
those for the single implant, with consideration o f the phosphorus dose determin-
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The relative positions o f  both the damage and atomic distributions resulting from 
the phosphorus implant have both been shown to contribute to the final donor 
profile observed.
Clearly careful consideration o f  both the phosphorus ion energy and dose is 
required in conjunction with the post implant anneal if  this technology is to be 
implemented.
5.3.2 Silicon + Carbon Co-implantation
Carbon implants have poor electrical activity compared to other accepter implants. 
The levels achieved in this work are in good agreement with others found in the 
literature. In the presence o f implanted silicon however, the compensation 
attributed to the carbon implants demonstrates that much higher activities may be 
expected. For low annealing temperatures, the co-implanted samples exhibit 
increased electrical activity from the silicon in the surface region. This is thought 
to result from the increase in the concentration o f vacancies caused by the carbon 
implant.
As a profile modification technique, carbon implantation has several distinct 
advantages over other ion species. The low levels o f activity o f  carbon implants in 
gallium arsenide prevent the formation o f an un-depleted p-n junction at the tail o f 
the donor profile, while, the high compensation efficiency allows for good carrier 
removal with low implant doses. The diffusion rate o f  carbon is o f  an acceptable 
level such that implant anneal schedules do not need to be reduced. The low mass 
o f  the ion not only minimises lattice damage in the donor implant region but also
ing the anneal time required.
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allows for large ion ranges with low acceleration potentials. This allows standard 
implanters to be used to obtain the deep implants required to reach the tail o f the 
silicon profile. Unlike other low mass acceptor species such as beryllium, the 
toxicity o f the source materials is not a problem as the ion beam can be obtained 
from C 0 2 source gas.
5.3.3 Silicon + Boron Co-implantation
Co-implantation o f boron with silicon is effective for the modification o f carrier 
concentration profiles. As with carbon, its light mass allows deep implants to be 
performed without the need for a high energy implanter. Furthermore, its light 
mass is also responsible for maintaining acceptable levels o f damage within the 
silicon atomic profile.
Low ion doses o f boron enhance the activity o f the silicon and increase the 
electron mobilities. The boron dose increases the activation energy o f the silicon 
upto an annealing temperature beyond which a value o f 0.5 eV  is again recorded. 
The temperature at which the activation energy reverts to the recorded value for 
silicon alone is dependent on the boron dose as is the modified activation energy. 
The compensation mechanism o f  the silicon is thermally stable to temperatures in 
excess o f 925° C, making this technique compatible with current device process­
ing.
The three compensation techniques studied in this work have all been shown to 
provide improved carrier profile shapes compared to those obtained from silicon 
implants alone. In this work, no attempt has been made to apply these techniques
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to devices. However, work is currently underway to establish a device fabrication 
facility so that devices produced using these techniques can be studied. The 
experimental parameters used in this thesis were chosen to display the viability o f  
the methods and it would be necessary to hone the variables for any particular 
application. Further analysis techniques such as deep level transient or photolumi­
nescence spectroscopy could prove useful in determining the actual compensation 
mechanisms taking place and may also highlight problems not observed in this 
work.
5.4 Dopant Activation Studies
As an aside to the main aims o f this thesis, it has been shown that low levels o f 
damage can significantly effect the activation behaviour o f silicon implants. This has 
been shown to result in an increase in the activation energy. It is apparent from 
the literature and the work presented in this thesis, that despite the considerable 
amount o f attention that silicon has received as a dopant in gallium arsenide, little is 
understood about its activation mechanisms. The simple models that are available 
currently for the prediction o f the activation o f implants in gallium arsenide, are based 
upon sheet electrical measurements and ion doses. It is apparent from the results 
presented here that there are several other factors that must be taken into account. 
Furthermore, as has been shown in this work, great attention must be paid to the "real" 
thermal history o f the sample if accurate predictions o f activation are to be made. One 
suggestion for further work would be to try to develop a similar model to that 
proposed by Morris and Sealy but using volume concentration measurements made 
following various temperature anneals to determine the activation energies. These
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may then be related to the atomic and damage distributions for the particular implant 
using currently available simulation packages such as SUSPRE. A  further area o f 
experiment that may prove useful in gaining a better understanding o f  the effect o f  the 
damage would be to produce uniform doped samples with non-uniform damage. 
Comparing these with a further set o f  samples having uniform damage and 
non-uniform doping it may be possible to extract further information about the role o f 
damage in the activation o f ion implanted dopants in gallium arsenide.
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